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PRIMARY PROCHSSES OF RANIATION LESION
By
B. N. Tarusov

Introduction

Ionizing radiations (X- and q7-rays, electrons, neutrons, and heavy nuclear
particles) possess high chemical activitys they are capable of breaking any chem-
ical bonds and inducing prolonged reactions, The biological activity of these
radiations involves:their chemical activity, Initial reactions play a larce
role in the biolecgical activity of nuclear radiations. A characteristic of the
biological activity of ionizing radiations is the hirh radiosensitivity of the
biological objects, Upon the intercction of the radiant-energy quanta with the
biosubstrale, active centers of radiochemical processes are born in the process
of converting this ene¥gy into chemical energy,

As a result of the development of aftereffect reactions, the volume of chem-
ical changes in the organisms after irradiation is much greater than those chem-
ical effects which are observed immediately upon irradiation., Therefore, in the
pathogenesis of radiation lesion the determining reactions are the primary ones

which develop with high ion yields and which involve in the chemical conversions
hundreds and thousands of molecules rot immediately affected by the radiation,
and by this they sienificantly increase the total volume of destruction in the
cells of the organisms,

The primary radiochemical reactions in the cells, developing relatively

slowly, destroy the structural elements of the cells, And when the volume of

destruction becomes sisnigicant, the correlation of the exchange reactions

and the dynamic equilibrium is destroyed and, as a consequence, the picture

of radiation lesion develops,

The primary radiochemical rcactions developing time with self-acceleration
have the same significance in radiation pathogenesis
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as do the first stages of development of bacteria and viruses infec-
tlous dlseases durlng the ilncubation period.

Interest 1n the study of the mechanlsms of the primary reactlons
is explained by the fact that, knowlng this mechanism, we can block
the reactlons by varilous inhibltors and thus locallze the radlation
effect.

The principal event of the interaction of nuclear radlations with
the substrates 1s lonizatlon, during which the electrons separate from
the atoms, lons form, and, in addition, excilted atoms develop and
radlcals appear. These actlve molecules and fragments of molecules
induce various reactions in the blosubstrates of crganisms.

The princlpal difference between lonizling radiations and other
actlve radiations, particularly chemically actlve ultraviolet radila-
tlon, 1s that the UV guanta, causing only atom excitatlon, does not
cause lonlzatlon in the blologlcal substrates., The exclted atoms and
molecules also possess chemical activity., In most cases both UV and
lonizing radiatlons cause ldentical chemlcal changes. However, the
energy of the exclted atoms ls not sufflcient, for the development
of certaln reactlions: thls explains the qualitative differences in
the development of the primary reactions under the effect of UV and
lonlzing radiations.

In a number of investigations 1t was established that UV damage
to bacterlial cells can be completely removed with subsequent irradla-
tion by the visible region of the spectrum, Under the effzcet of
lonizing radiationsg recovery in the light does not occur,

Radlatlon injury of the organism i1s the destruction of the
coordination of biochemical processes and the selective injury of

certain systems, Here 1t should be polnted out that in the primary
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event the blochemical components of the cells cannot selectively
absorb the lonizing radiations since this process depends not on the
molecular structure but only on the atomlc number of the elements
making up the molecules. In biochemlcal compounds, however, these
indicators are very close, Therefore, the sensitlivity of the effecst
depends on the chemical pecullarities of the primary radiochemical
reactlons occurring in the different substrates of the cells, the
rate of the lonic yield, etc. The appearance of new active lons

and radicals in the prilmary event can not only induce new radlo-
chemical reactions unnatural to the organlsm, but even change the
rate of the reactions occurring naturally in the varlous components
of the intermedlary metabolism, The change of this rate dlsrupts the
coordination of the reactions, destroys the stationary equilibria
which exist in tﬁe cells and shifts them to another level, unusual
for the organism, and even causes an unsteady development of the
metabolic reactions, All this can lead not only to an immediate
destruction of the coordination in the intermedlary metabolism, but
also to an accumulatlon of toxlc products in the organism.

Under the influence of the ionlzing radiations in the bliological
substrates varilous reactlons occur; their significance, for the
development of radiation lesilon, however, 1s different, Some of them
dle out quickly, others are limited only to converslons in one mole-
cule for one lonlzation event. Only the active centers, producing
autocatalytic-type reactions during which thousands of molecules are
involved in the process and which by thelr nature should develop with
selfacceleration, have foremost value in raidation lesion. Com-
petition arises between these reactions for the maximum harmful effect.

Not one but several such reactlons occur in the cells of the organism,
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Although 1n general all nuclear radiatlons produce the same
lonizatlon effect in the substrates, various types of radlations,
have different effects., This 1s explained by the fact that for
different lonizatlion denslties vhe relations between the number of
radicals and thelr local densitles are changed somewhat, In connec-
tion with which changes occur in the relation of the rates of the
primary radlochemical reactlons (change of their ylelds), and as a
result of this the value of a certaln primary reaction in radiation
glckness 1s Increased or decreased and quallitative differences occur,

The active radicals forming during lrradiation possess very high
chemical activity and they react with any molecules capable of beling
oxidized or reduced. Thelr presence, however, still 1s nc proof
that they can 1nduce the appearance and development of primary
reactlons, since along wlth the chemical reaction there is recom-
bination of the radicals into elementary neutral molecules, If there
are no chemically actlve molecules in the medium or 1f they are not
able to react within a short period of time, chemlcal changes and
formation of reactions wlll not occur. For instance, pure carbon
dioxlde doegs not change under the effect of radlations, since the
radicals CO0 and O which form during irradlation lmmediately recom-
bine. If to the carbon dioxlide we add mercury vapor, for instance,
it reacts with the oxygen lons formed during thelr radlation; as a
result, mercuric oxide and an oxide are formed. In the blosubstrates
there are also more reactlse and less reactlve components and,
naturally, the primary reactions emerge sooner in the former.

Explanation of the nature and mechanisms of the primary radio-
chemical reaction in the cells of organlsms 1is not a simple task.

The elementary volume of primary radlochemlcal reactions with ordinary

.
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biologically effective doses 1s small, and therefore it 1s very
difficult to detect the primary products whlch have formed, since
this 1s outside the limlts of sensltivity of normal chemlcal analyses,
Many researchers have attempted fo by-pass this difficulty by study-
ing Dbiochemlcal changes durilng lrradiation with force doses. During
this, however, there 1s acceleratlion of the appearance of not only
the primary reaction but secondary reactlions as well and since the
experimental time 1s reduced 1t 1s rather qifficult to differentiate
them., In an analysls of the mechanisms of the primary reactions the
kinetic methods of lnvestigations, and lnvestigatlons both in vivo

and in vitro should be fundamentsal.

The frundamental criteria for Jjudging the nature of the primary
reactions can be:

1) peculiarities of the occurrence of various reactions of the
lesion (blological, pathological, biochemical, physicochemical) in
time;

2) the possibility of initiating separate reactions of the lesion
by products obtalned from lrradlated organlsms or radliochemlcal
reactions;

~3) the physicochemical nature of the inhibitors or activators
of the radlation leslon and kilnetics of thelr activity;

4) the presence and nature of the actlve products appearing in
the blochemical components of the organisms (radicals, peroxides);

5) the principal possibility for the emergence of reactions with
high quantum yields in the given blochemlcal substrate and 1ts type;

6) the possibility of obtalning a reaction on simple and com-
plicated models applicable to condltlions 1n the cells;



7) the quantitative dependences of the occurrence of the reac-

ticas for the leslon on the dose, irradilation regime, and lonization

¢

denslity; and

8) direct information on the occurrence of the glven reactions
in living cells of the organisms with respect to optlcal, electric,

and other 1indicators,

The radlosensltivity of the organlsms varies greatly. There are
organisms which perish from very large doses (106r); in the majority
of cases, howéver, these doses are much smaller,

Prevliougly 1t was considered that the lower organisms are very

resistant, since a dose was considered lethal when 1t caused destruc-

tion of the 1ndividual immediately under the ray or a very short time

after irradiation. When calculating the process, the aftereffects of
the dose dropped significantly. The absolute lethal dose for higher

animals 1s 3500-900 r, which corresponds to absorbed enecrgy of the

order of 2-5 . 104 erg/g. Such an amount of energy can increase the ’

temperature of the tissue by 0,019 in all.

Such radiation doses cause very lnsignificant chemical effects
1f only normal reactlons occur, not autocatalytic and chain reactions.
It was calculated that under the most optimum conditions (recombina-
tion does not occur) in each cell of the organism with a lethal dose
not more than 10"9--10"10 chemical bonds are broken. When under the
effect of radiatlicn reactions with high quantum yields (autocatalytic
and chain) do not develop, during such doses it 1is impossiﬁle to
detect the products of the radiochemical reactions, since this is
outside the limlts of the most sensltive analytical methods, Here
1t must be taken Into consideratlion that by far not all the absorbed

energy in the btiological substrates 1s spent on chemlcal conversions.
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Part of the energy 1s dilspersed and each ionizatlon event by far does

not result in decay of the molecules. Therefore, in most cases the

number of chemlical products should be negligibly slight. At the same
time, doses tens and hundreds of tlmes weaker have a noticeable bio-
logical effect (genetic, stimulative, etc.).

Such a high radiosensitivity long ago gave grounds for assuming
that during the primary lnteractions of the lonizing radiations with
the blologlcal substrates, amplifying mechanisms should exist.

TARGET THECRY

The target theory 1s the flrst theory to attempt to explain the
disproportion between the amount of energy absorbed by an organism

and the blological effect. It 1s based on the quantitative principles

detected during the effect of different doses of lonizing rediation
on the population of organisms, causing thelr destruction and genetic
mutation phenomena [1-3].

Numerous investigations conducted on the simplest organisms
showed that the functional dependence between the amount of absorbed
energy of different lonizing radiations (dose) and the lethal result

is expressed by the exponentlal curve shown in Fig. 1 (Curve 1),

mortality

dose
Fig. 1. Mortallty of the organisms
vs, the irradiation dose (types of
destruction curves): 1) one-hit cell;
2) multihit cell.
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Data are often clted which characterlze the reverse dependence,
l.e., the dependence between the amount of surviving organisms and the
dose (these data have been during the irradiation, with different
doses, of colonies of bacteria, viruses, and mold). Data are also
cited which characterlze the dependence between the lrradiation dose
and the amount of genetlc mutations appearing. From these data it
follows that as the 1rradlation dose decreases the number injured
organisms 1s reduced, With the smallest doses, however, when several
ionization events react on the cell, indlvidual cells are damaged,

Calculations resulty have shown that certain cells can die as a
result of absorbing a negliglbly sllight amount of radiation energy,

In some investigatlions 1t was stressed that one ilonization event 1s

sufficlent to kill a bacterilial cell, In a number of cases the curves

have another form — sigmold (see Curve 2 in Fig. 1) and the data
obtained for some of the simplest organisms are characteristic of
hilgher organisms, To destroy a cell 1t 1s necessary to accumulate a
certailn amount of energy, and until the energy is accumulated up to

a certaln limlt, the blologlcal effect 1s not manifested. In thls
case a threshold is observed on the curves, the curves do not come
from the coordinates origin, and several lonization events are needed
to destroy the cell. Formal calculations have shown, however, that
the number of ionization events occurring in the cells 1s more than
the minimum amount which can cause destruction, Upon lrradiation of

a great number of the simplest organisms or cells of a higher organism,
the radlatlon quanta evenly intersect the lrradiation fileld and there
1s the probability that they will get into the cells; this probabllity
increases with the dose. The cell, however, does not always undergo

leslon durlng lonization events, For Instance, with 5000-r
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irradlation of yeast no less than 1000 lonizatlon events occur in
each cell, while only 10% of the number of irradiated cells is
destroyed. At the same time certaln cells are destroyed as a result
of 4-6 ilonization events.

To explain the quantitative regularities occurring under the
influence of lonilzing radlatlons, the founders of the target theory
have made the following assumption. Since the amount of energy of
the ionizing radiations producing a blologlcal effect is very small
and destructlon of the cells in the populations is subordinated to
statistical régularities, a large part of the energy of the ioniza-
tion events is lost in vain and only those few quanta which hit some
target have a blologlcal effect. This means that in each cell there
1s a sensltive volume (target), usually many times less than the
volume of the cell; the entire remaining part of it 1s practically
insensitive to radlatlon., Only those lonizing particles which fall
into this sensitive volume and produce 1its ilonizatlon have a harmful
effect. Entry into the target 1s subject to the laws of probabllity.
According to thls theory, the sensltive volumes are very dilverse in
glze and shape. This determines the radiosensitivity of the cells,
Since it was impossible to explaln the different character of the
destruction curves by one assumption alone, a second assumptlon was
made, to the effect that these volumes have a different sensltivity
to radiation. In certaln cases cell damage occurred during one
ionization event in the sensitive volume (exponential damage curves);
in other cases it occurred during several events. Using thls mathe-
matical device (the probability theory) the destructicn curves are
calculated., Of basic significance here 1s the Poisson dilstribution

to which the principles of strike (lesion) distribution are subject:
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where y/yO is the ratlo of the number of destroyed cells to the total
number of lrradiated cells; a is the probability that the gilven ion-
ization event will produce a lesion; D 1s the irradiation dose.

The probabllity of the destruction of organisms and 1ndividual
cells can be calculated from this formula when the survival curve has
an exponential or sigmold character, In the flrst case the probabll-
1ty of destruqtion 1s expressed by the first term of this formula.
The second term of the serles expresses fhe probabllility of destruc-
tion in those cases when two lonization events are required to pro-
duce the effect,

THe survival and destruction curves can be calculated quite well
by an equation of this type. The Polsson equation 1s the main basis
of the target theory. Many researchers have modified this formula
by introducing various congtants into it and thereby attalned better
colncidence between experimental and test data.

Better coincldence of theoretical and experimental data is
observed when the survival curves start from the origin, Thils cor-
responds to thosc cases when the lesion 1s caused most likely by one
lonization event, although the cecll i3 permeated by many electrons
which cause thousands of lonizatlon events in their paths,

As we know, Poisson distribution 1s asymmetrical, but in many
cases 1t 1s rather dlfficult to distinguish it from normal Gauss
distribution [4, 5].

In certaln papers, however, it has been shown with reasonable
accuracy that the destruction distribution 1s characterlzed not by

the Polsson equation but by the regular symmetric curve of Gauss
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distrivbution., For instance, thls has been shown very clearly by G. V.
Sumarukov [7] who studled the statistical distribution of the destruc-
tlon of granary weevils under the influence of various doses of
v-radiation., Crowther [6], who correctly applied the Polsson equation
to calculations of leslon curves, also detected no deviations from
Gaussian distribution and proposed the use of Polsson distribution,
since with a change In the coefficlent we can pass from an exponential
to a sigmold curve,.

The destyuction and survival principles for organlisms show that
the statistical processes which, 1n accordance with the target theory,
depend only on the entry of guanta into the target, are of important
significance. It should be polnted out, however, that thls statis-
tical character 1is not a specific peculliarlty of the actlon of the
ionizing radlation. Such curves, however, are obtalned under the
action on the cell of such factors as, for lnstance, the temperatures
of the varilous toxlc substances (mercuric chloride, phenols); they
are the result of general blologlcal variability of the cells in
relatlion to different external effects, Here it was noted that the
dependence betweén the mortality and the concentratlon of the sub-
stance (by the dose) 1s characterized by an exponentlal curve under
the effect of polsons not possessing a cumulative effect, and by a
sigmold curve when the poison possesses a cumulative effect,

The sole basis for the target theory 1s the statistlcal prin-
ciples for distributing the destruction and other manifestations of
the blological effect of radlations. To interpret this effect a
formal model for the probabllity of hitting the target 1s proposed.
Actually, the statistical principles of destruction and the manifesta-
tions of mutations indicate only that the determining event on which

11



the blological effect depends 1s caused by the statistlcal principles,

A study of the blcloglcal reactlons of radiation as a function
ol time, temperature, and oxygen pressurc shows that the lesion
processes have kinetic principles of chemical reactions.

In investigatlons devoted to the applicability of the target
theory, the development of time processes and theilr dependence on
external condltions 1s ignored and the dependence of the effect on the
dose 1s assumed as the basis,

It is well known, however, that the dose 1s not the absolute
magnitude which determines the bilologlcal effect., The dose is a
time function and 1ts magnitude depends on the perlod of time after
irradlation when the destruction 1in connection with the presence of
the reactlon of the aftereffect 1s calculated,

The determining event occurs In the process of the radiochemical
reactions developing with time,

The statistical principles are easily explalned by the probabill-
ity processes during the chemical reactlions. Probability processes
play a large role in the formatlon and development of complex reac-
tions with high quantum yields or chaln-type reactions. Not every
lonization event lnitlates a reaction, since the ions and radicals
which have formed can be destroyed as a result of secondary recom-
bination, Therefore, the occurrence of lonization events does not
Initiate a reaction in each cell, The posslbllity of development of
a reaction 1s also a probabillity process, since the reaction can be
stopped and will not go to the end., The probability of the formation
and development of reactlons can also be described by Polsson distri-

butilon.

The geometric shape of the target and its size are hypothetical.
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The aurves of destruction vs, dose are the basic element for this
calculation. In a number of cases we achileved good formal coincildence
of the results, However, attempts to assoclate the quantitative
theory with the structural elements actually existing in the cells
did not yield positive results [8].

At first, the entire nucleus was consldered to be the sensitive
element 1n the cell. But 1ts geometric dimensions proved to be too
large, and therefore the nucleoll were taken as the sensitive elements
of the cells,. After the emergence of the chromosome theory of
heredlty, the polnt of view that the chromosomes and the genes
included in them are the sensitlive centers galned wldespread popular-
ity.‘ On the basis of the target theory we attempted to solve the
opposite problem, i,e., to calculate the dimenslons of the genes as
a target from the amount of mutations caused by the ionlzlng radia-
tions [9]. These calculatlions, even from the point of view of the
chromosome theory of heredity,ceased to be satisfactory since the
amount of genes Increased as they were investigated and therefore
much less space wag assigned to them in the chromosomes thaﬁ that
which was determined using the Polsson formula from the radiomuta-
genlc effect., To explain these inconslstencles we attempted to use
the mechanlsm of energy mutation, detected in the crystal system.

To harm a gene, a secondary electron need not hit the sensitlve
volume. Those electrons which strlke the zone around the sensitive
volume of the gene have a harmful effect; from thils zone they can
migrate to the gene. From thls there emerged a variation of the
target theory called the hlt theory. Thls assumption, which emerged
in order to reconclle the contradictions of the target theory, is of

a purely declarative nature, since 1t allows a complete arbltrariness
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In evaluating the hit field. Here it is necessary to take into

account Lo Lheve e as yel no specellMe data on Lhe posaiblility of

migeabion 8 the cnergy of tondzing radiations, t.e,, on the migra-
tlon ol the tonization event without losses,

Therefore the entire target theory, resting as 1t were on a
quantitative baslis when we are dealinpy with formal statlaticenl regu-
larlties, become:s particularly qualit: tive when the gquestlion 1s ralsed
about: the specltlic cell organoids which are the targets. Taking
these limitations into account, the proponents of the target theory
[2] concluded that use of the target theory to explaln the mechanism
of the blological effect should be linmited only to viruses, bacteris,
and the mutapenic process for which the dependence of destruction on
dosc 1s cxpressed by an exponential curve., During this the large
molecules In the chromogsomes and the viruses as a whole fulfill the
role of the tarpets.

The chiromosome apparatus and the nuclelc acids of whlch they
are constructed naturally play an important role in the cells, The
assumptlon, however, that thls apparatus should be inJured immedi-
ately in the initial event 1s highly doubtful and questionable. It
naturally 1s injured, but the mechanisms of this leslon can be direct.
In recent ycars much materlal has been gathered indicatling that the
Important systems are damaged indirectly. Chemical protection, the
oxygen eflcct, and Influence of temperature and amount of water on
the lethal and genetic effects testlfy to this. Facts testilylng
to the fact {hat the Important vital structures are damaged by
gecondary reactions In no way discredlt the importance ot these
gystems, TI'or instance, on irradlation of higher organisms, the

hemogenic system, not the nervous gystem, 1s damaged first, but this
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diminishes 1n no way the role of the nervous system, Neverthecless,
many lnvestligators are striving to prove that the elements ol Lhe
nucleus are more sensitive than other parts of the cells, and Lhey
see 1n thils confirmatlon that the hypothetical target ls located
there. There are qulte a few works in which it 1s proved that the
nucleus 1s more sensitive than protoplasm to radiation. This con-
clusion 1s drawn on the basls of experiments with large cells in
which the section of the cell wlth the nucleus and the sectlons ol
unnucleated protoplasm were irradiated separately. These experiments,
however, do not reflect the actual relatlons existing 1in the cells
during general irradiation., If we lrradiate the heart of an animal
with a stream exceeding the lethal dose and which 1is absoclutely lethal
for cells, the organism will die, If we irradiate the extremity of
the animal with the same stream or wlth one many times more powerful,
the animal will survive., It dose not follow from this that the cclls
in the tlssue of the extremity are more resistant than the heart
cells,

This experiment in no way testifies to greater radiosensitivitvy
of heart cells, but 1t confirms the importance of the heart as a
communication organ in the physiclogy of the organism, Theoretlcally
an lmproper experimental set-up leads to the incorrect assumption
that protoplasm 1s completely lnsensitive to radiation and its
damage has no effect on cell necrosis or on other postirradiation
sequelae [8,9]. For instance, on the basis of experiments with
separate lrradiation of spermatozoa and ova and an analysis of the
transmission sllkworm characteristilcs, the conclusion was made that
the nucleus 1s 1000 times more radlosensitive than protoplasm [10].

With similar experiments on another silkworm species 1t was
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established that 1f we irradlate the ovum cytoplasm before fertlliza-
tion and fertilize 1% wilth unilrradiated spermatozoa, those genetic
features carried by the spermatozoa are disturbed in the progeny,
i.e., the implicit effect of irradlated protoplasm is observed [11].

More valid are tests in which 1n the evaluation of the radio-
sensltivity, we at flrst irradlate the nucleus extracted from the
protoplasm, then the cytoplasm, and then the nucleus and protoplasm
are brought into contact [12]., Upon irradiation, for instance, of
isolated nuclgi of frog and salamander ova, morphologlcal changes
characteristic for damage are demonstrated at doses of 10-15 c.
Similar changes in the nucleus on lrradiation of cells as a whole
are observed at slgnificantly lower doses [13]. When an unirradiated
nucleus is Introduced into irradiated protoplasm, similar changes
occur in the nud¢leus as when lrradlated,

When the nucleus and protoplasm are lrradlated separately and
the 1rradiated nucleus 1s introduced into unirradiated protoplasm,
1t was establlshed, on the other hand, that doses leading to damage
of the cytoplasm and nucleus are of the same order, Inhlbition of
cell division was observed when only the protoplasm was lrradlated
with comparatively small doses, and at large doses division stopped
completely.

The adherents to the target theory reached a satlisfactory agree-
ment of the formally calculated data of the vulnerablllty for B- and
y-radiations, however, greater difficulties arilse when calculating
the destruction curves for a-particles even from a formal point of
view. The specific lonlzation generated by a-partlcles 1ls appre~
clably higher than 1ts electrons. Hence, the probability of an

a-particle hitting the target under an equal ilonlzation dose is much
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less than that of electrons induced by y-radlatlion and creating
esgsentially the same lonizatlon as a-particles, Therefore, we could
expect from the target theory that a-radlation will be less effec-
tive than y- and B-radlation, particularly when death 1s caused by

one lonlzation event. Actually, we should note the greater efficiency
of a~radiation. To understand thils from the target-theory point of
view, we need assume that the targets for a-, B-, and y-radlations

are different in silze,

Attempts were made to strengthen the target theory by certaln
chemical and physical concepts and to connect the target size with
the slze of the high-molecular-welght molecules in the cells, And
on the basls of these concepts, the method of determining molecular
dimenslons 1s proposed. Thls, apparently, is possible to do, but
only when one molecule 1s lnactivated after one lonizatlon event.
When after one lonlzatlon event several breaks occur 1n several
molecules, these concepts are inapplicable, For instance, as a
result of inveastigating molecular lnactivation 1n protein and enzyme
solutions, it was established [1l4] that the magnitude of the effect
depends on the temperature, and the temperature coefficient here 1s
equal to 2-3, The temperature coeffliclent malnly indlcates the course
of chemlcal reactlion, and can 1ndicate other mechanisms only when
it 1s proved that a chemlcal process 1s not developing which is very
unlikely.' The authors of these lnvestligations concluded, however,
that with increasing temperature the volume of the molecule increases
and hence, the probablility of a hit increases., This 1s difficult
to understand from the physicochemical molecular point of view.

One of the consequences arising from the target theory, was the

assertlon that if the target, l.e., the elements of the chromosome
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apparatus, ls damaged the cell can llve or die only when division
ensues, slnce the radlation-induced dlsturbances in the chromosome
apparatus wlll lead to abnormal division durling which the cell will
be destroyed [15].

It has been established that cells can dle regularly after
several dilvisions, For instance, when Infugoria is X-irradlated
with certain doses they dle after 3-4 division [16], while the first
divisions occurred completely normally. Necrosls of yeast cells
after irradiation occurs during the seventy-eighth division [17].

Of course thefe are doses at which the cell dies during the first
divisilon.

Thus, the cause of cell death 1s not the one-time disruption of
the chromosome apparatus of the target and the event of cell division
but the occurrence in the cell substrates of primary radiochemlcal
reactions which develop 1In time after irradiatlon, and this leads
to numerous chemlcal conversions durlng which cell divislon and
gemmation is disrupted.

The main disadvantage of the target theory 1s that 1t completely
lgnores the time factor and is satisfied only by the dependence of
the hilologlc effect on the dose. Therefore, the various primary
chemical reactions, for which the time factor plays a basic role and
allows us to characterize thelr nature on the basls of kinetic pecu-~
liarities, are not taken into account at all.

Much material has been gathered, showing that cell damage 1ls
connected with the development of aftereffect processes and that the
blologlec manifestatlion of the effect of ionlzing radlations and even
radiomutation depend on environmental condltilons (temperature, water

content, metabolism), These factors act both during and after

-~-18-



irradlation. Hence, the development of damages in time is connected
with the development of long-lasting reactions with high quantum
ylelds.,

The target theory came under attack wlth the appearance of the
theory of ilndirect action, which also has substantial shortcoming but
1s wildely recognlzed, Attempts were made to reconcile the target
theory with the theory of indirect action, which reduces all radio-
chemlcal processes in the cells to the formatlon of water and hydrogen
peroxide radipals. It was hypotheslzed that water radlcals in the
target zone diffuse from thelr formation site hit the sensitive
volume on the basls of the law of probabllity, and cause reactions
there similar to those which the lonizatlon events cause, Using the
concepts of the target theory the authors of this hypothesis selected
formulags determining the probabllity of knocking radilcals from the
strike zone 1into the sensitlve volume, starting wlth the quantity,
diffusion velocity, and their 1life time [15, 18].

Such a construction is very artificlal, since, in addition to
the arbitrary assumption of the size and shape of the target and zone
near 1t, the values for the diffusion path of the radicals are very
arbitrary and not experimentally substantlated. Thelr 1life time is
short, therefore, we must assume hypothetical intermedlate compounds
of the radicals which have a longer lifetime. Such & theory has the
same deflclencles as the target theory, since the physlcochemical
reactlon 1s regarded as a separate prelliminary state and essentlally
ignores the physicochemlcal mechanisms of the primary reactions

determining the blologlcal effect of radlatlon. This is purely a

formal construction.
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It should be noted that there are errors in the investigations
devoted to calculation and analyslis of the experimental data. Typilcal
slgmold and exponentlal curves are characteristic only for a limlted
dose range. For a wlder range of doses we obtain complicated curves
which, from the target theory point of view, are more complicated
to interpret. For instance, when studying the effect of x-rays in
a very wlde dose range on survival 1t was established that an expo-
nentlal shape of the curve corresponding to the one-hlt type of
death 1s observed only in the zone of action for high doses, whereas
in the zone of action for low doses this curve becomes sigmoid which
is again incompatible with the target theory [19]. The shape of this
curve, it turns out, depends on the time for calculating desath,
Previously death was taken into account under the beam and the cells
which dled were -counted, using as the crilterlon thelr capaclty to
divide lmmedlately after irradlation. To obtaln the exponent, high
doses were usually used., If we take into account remote cell death
after several divisions, we usually obtaln sigmoid curves (e.g., for
yeast after six-seven gemmations) [17]., Data are presently avallable
indicating that the type of survival curve depends on the composi-
tion of the culture medium, In contrast to the observations which
established that the survival curves for haplold races of yeast are
always exponentlal and curves for diploid races are always sigmold,
1t was shown that the differences in the curve types are due to
different radiosensitivities. If for haploid 1t is higher, then
withraverage lethal doses the probability of death 1= higher., When
the external conditlons are changed, similar exponential curves can
be obtalned for diploid strains, The action of radlometric substances,

which cause the same genetlic changes as ilonizing radiations [20-22]
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poorly agree wlth the target theory. At the present time the target
theory has lost its value, since 1t cannot explain the baslc manl-
festations in the development of radiation leslon and, especlally,
cannot lnterpret the primary radlation effects, From the point of
view of this theory we cannot explaln the chemlcal protection of both
somatlic and genetlc leslons, This theory glves no prognoses with
respect to the selection of chemlcal compounds for prevention and
cure., It 18 not able to explain the causes and character for the
course of aftereffect reactlon which play a most important role 1in
radilation lesion, This theory adds nothing to an understanding of
the reduction reactlon which 1s characteristic both for somatlec and
genetlc lesions.

Thus, the leslon, 1ts magnltude (radiosensitivity), are con-
nected with the course of chemical reactlons in different cell sub-
strates. To develop these primary reactions the so-callcd kinetlc
parameters are characteristlc: time, temperature, and conditions for
formation of radicals and other actlve products., These processes
clearly demand physilcochemical Interpretation.

In recent years attempts were made to apply the target-theory
concepts about substances determining heredity (nuclear elements) to
the cell membrane, In thils case it 1s assumed that in the cell, as
in an open system, a steady-state equilibrium exists, during which
the amount of substances entering the cell 1s equal to the amount
of substances consumed by it, l.e., entering into some reaction. In
this equilibrium the most important role belongs to the cell membrane,
On increasing its permeabllity, the possibility of admitting sub-
stances 1s increased and the equlilibrium 1s put on a higher level,

which 18 unusual for cells. Accordlng to thils concept, an lncrease
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1n permeablllity occurs when electrons strike hypothetical targets

on the surface of hypothetlcal cell membranes. This 1s now an ultra-
gpeculatlve assumptlon, Even from the formal point of view, in this
case the complete arbitrariness reigns in relation to determining
target silze, slince the flow veloclty of the substance 1s indeter-
minate. In addltion, this completely disagrees with the known fact
that permeability is a property which changes conslderably later in
radlation lesions. The bases for such assumptions are not some kilnd
of new facts or methods, but the same statistical principles of death
and survival., Any statistlcal process in vitro, for e.g. variations
in yleld of products during radlolysis, can be descrlbed from the
target theory polnt of view,
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RADIOCHEMICAL PROCESSES IN THE BIOSUBSTRATES

General Principles

Under the effect of lonlzing radiations, lonization events occur
1n blochemlcal as well as 1n lnorganlc components of the cells and
tissues, durlng which atoms and molecules are stimulated along with

ions, As a result of these primary events chemical bonds are broken

and the active radicals

hv

REYV RH' R+ + He

occur,

In most cases the radlcals have very high chemlcal actlvity.
These fragments of molecules, having an uneven number of unpaired
electrons, are characterized by a magnetic moment. They posseas a
free valence hut do not have an electrical charge, which facllitstes
their entrance into reactlions, Because of the high reactivity of
the actlve radicals, their life time 1s insignificant and inversely
proportional to their chemlical activlity. The radicals by vittue of
their chemical activity can initlate the reactions which develop
after the direct event of irradiation with high quantum ylelds,
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Not every radica., however, is sufflclently effective to become
a center of development for the chemical reaction. Large energy 1s
necessary for this, but not all radicals possess 1t; in additlon a
corregponding partner ls necessary for the reactlon to occur, i.e.,
neutral molecules which can react with this radical. Such low-
activity radicals can exist for a long time in different substrates
after irradiatlon. Thelr concentratlon many times exceeds the number
of active radicals, therefore 1t 1ls easler to detect them than the
actlve radicals, for instance, by the paramagnetic resonance method
[3]. Such radicals, which are formed in the aqueous phases during
irradiation, include the radical HO2, to which a major role in indi-
ect actlon is attribbued 1n radioblology. This radlcal reacts only
with ilnorganic compounds and with organic compounds [1].

Induction éf oxldlzing reactlions in alr occurs conslderably more
frequently. In the development of these reactlons an important role
helongs to peroxlde radlcals forming in organic substrates, which

yiecld the peroxide compounds [2]

R* + 0, - ROO*
ROOs + RH-— ROOH 4+ R-
R* + 0, — ROO* ete.
The hydroperoxides are particularly important, The peroxide radicals
and peroxldes Jjoining the organlc molecules, form active peroxldes
of lipids, nucleic acids, pyrimidine bases, etc, These primary pro-
ducts obtained on lrradlation are most Iinterestlng, since they can
induce long~occurring reactlons with high lonlc ylelds. These are
autocatalytic reactions catalyzed by end products, Consldersably more
important are the chaln reactions whose catalysis 1s caused by inter-

mediate products, Such reactions can enhance the primary effect of
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radliation, whlch 1s of low energy, and even with lethal doses touches
only a very small portion (10'10) of the chemical bonds of the cells,

For reactlions to occur by the chaln mechanlsm, the formation of
radicals possessling high energy is necessary, therefore an initlal
expendliture of energy i1s required to form them. Under normal con-
ditions at low temperatures the probability i1s small that such radl-
cals will be formed as a result of thermal collisions and effect of
background radlatlon. On certain substrates thls process proceeds
slowly under normal condltions owing to weakening of peripheral bonds
(effect of alleviation according to the terminology of N, N. Semenov).
To reallze the reaction, the formed radical must not only be coupled
to the molecule of 1ts partner, but must possess energy sufficlent
to break the bond 1n order to form a similar radical which would be
able to react with another molecule and to bring about the chaln
process. If the energy of the inltial activation in such reactions
should be supplied from wlthout, the subsequent development of the
reaction and the formation of the Intermediate actlve compounds
occurs through the lnternal energy of the chemical bonds,

The theoretical basea for the formation and development of such
reactlions, as 13 known, were developed by N. N, Semenov [2]. Such
a reaction, 1n which a new radlecal iso 1regenerated for each one lost,
could develop for an infinitely long time until the reactlon material
is exhausted. Such chaln reactlions, however, usually dle out, since
the Intermedilate radlcals and peroxides forming during the reaction
are, by virture of varlous contingenciles, expended for other purposes
(they recombine, perish, reacting with extraneous molecules). As
the reaction develops, the number of radicals decreases and the

reactlon rate slows down, since the chalns are breaklng down. The
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kinetlcs of development of these reactlions proceeds according to an
exponential fadlng curve and suggests the kilnetics of development of
monomolecular reactlons,

Such reactions can unconditlionally occur under radlatlion effects,
For 1nstance, long-occurring reactlons develop thls way for polymeri-
zatlon and depolymerilzatlion of nuclelc aclds in tests in vitro on
irradiation in solutlions [4-6]. These reactlons, however, do not
ensure an appreclable enhancling effect, and the general course of the
kinetics for thelr development does not correspond to the develop-
ment of varioﬁs manifegtations under lethal radiation doses, which
develop not wilth an lnhibitlon but wlth acceleration. In specific
mechanisms, however, such reactions can be valuable,

Much higher lonlc ylelds are obtained in chain-type reactions
during which, on reaction of the radical with the substrate, it links
up with the molecule and as a result of splitting two or three rad-
lcals are regenerated for ecach radical which reacted. In this case
the number of radicals will continually grow and the reaction rate
wlll 1ncrease. These are so-called reactlons with branching chains,
Such reactlons develop in time according to an A* self-acceleration
type. Thelr yield is very high., Exploslve reactions, as 13 known,
develop this way. Oxidative reactions exist, however, which develop
as typlcal chaln reactions, but considerably more slowly. Examples
are the oxidatlon of raw rubber, cured rubber, lacquers and olls,
and hydrocarbons. The peroxide radicals and peroxldes play a basilec
role in accomplishing these reactions. Peroxides play a major role
in branching of chains in oxidative branched chain reactlons, Hydro-
peroxides, forming from radicals, can dlssoclate and once more form

radlcals, The latter break the hydrogen atoms away from the
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oxldizable organic substances and agalin form radicals R

POOH RO- + OH-

ROOR RO+ + RO-

Since very little energy is expended when forming radicals, the
development of the reactlon 1s facilitated. The development of
branched chaln resctions is facillitated when the bonds in the periph-
eral atoms are weak, One of the lactors wecakenlng the bonds 1n com-
pounds 1s the presence of double bonds, Therefore, the oxildative
chaln reactions induced by irradlatlon form most readily on substrates
rich in double bonds (hydrocarbons, fats, and rubbers). Such reac-
tlons can occur sponbtaneously on thesc substrates at temperatures
not exceeding 4#0°C [7]. These reactions generally develop very
slowly despite the fact that, based on kinetlics they belong to
typlcal branched reactlons characterlstic of exploslve reactlons.
These reactlions are inhibited by steric hindrance and the presence
of inhibitors. The kinetics of these reactions, which are of much
practical interest, are well studled., These slow reactlons are called
degenerated-chain reactions [2].

A characteristlic feature of the development of such reactlons
1s thelr temporal nature. At first, when there are few radicals and
many of them perish unproductively as a result of recombination or
reactlion wilth forelgn substances, the rceactlon occurs extremely
slowly at an almost constant rate. The amount of products forming
durlng this 18 very small, therefore 1t ls difficult to detect such
a reaction. This i1s the so-called inductlon period of the reactilon
during which the system 1s close to equllibrium, i,e., it is found

in a steady state, Using blologlc terminology this perilod can be
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called the incubation periocd., After radicals and peroxides gather,
as a result of the slow process, the reaction begins to change from
steady state to nonsteady state and rapldly self-accelerates. When
the number of radlcals lncreases as a result of irradiation, the
change of the reactlon from steady state to nonsteady state is
accelerated, To demonstrate that the reaction is a branched-chain
type, numerous crilterlsa were assumed, the basic ones being:

1) the kinetic curves for the change in the amount of end and
intermedlate peaction products. Accumulatlion of end products occurs
continuously (with respect to the sigmoid curve). The amount of
intermediate products (active radicals and peroxides) depends only
on the reactlon rate at a given moment. Therefore, during the first
period of development of the branched chain reaction their amount
does not noticeably increase, on passing the period of self-accelera-
tlon 18 grows, and at the maximum reaction rate attains maximum magni-
tude. When the reaction 1s retarded because of a decrease in the
number of reactive molecules, the number of radicals and oxides 1is
reduced, At the end of the reactlion the quantity of end products
is maximum and that of intermediate products approaches zero (Fig. 2);

2) the general course of development of the reaction 1s subJected
to the law A*;

3) the activation energy (temperature ccefficilent) of these
reactions 1s higher than that of normal reactions (20,000-%0,000);

%) a very high ionic yleld (10°-107);

5) not governed by Arrenhiust! law which 1s expressed in that
the dependence of the veloclty logarithm on the lnverse absolute
temperature 1s nonlinear and the activatlion energy, so to speak,

increases with increasing temperature;
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6) suppression of the reaction by different inhibitors inactivat-
ing the intermedlate radicals and peroxides;
T7) kinetics and presence of chemoluminescence accompanying the

radical and peroxlde oxidlzing reactions.

Canpentration of reastion

Fig, 2. Kinetles for accumulating
intermediate 1) and endl 2) products
during branched chain reactions,

A characteristic feature of oxidative reactions developing by
this mechanism is that they are sharply retarded when the oxygen
content drops below a certain limit (lower oxygen limit) and when
the oxygen partial pressure lncreases above a certain threshold,
they develop only in a certain range of the optimum [8]. Theoret-
lcally this phenomenon is substantiated by N. N. Semenov,

As was already pointed out, because of the wealmess of peripheral
bonds 1t 1s easler for oxildative chailn reactlons wlth branched chalns
to form in the lipids than in other substrates. In addition to the
numerous data about the occurrence of chain reactions in commercilal
fats, there are data about the spontaneous formation of branched
chain reactions in fats of blologlcal origin [9] and about the marked
acceleratlon of these reactions when irradiated with lonizing radia-

tions (butter [10], squalene [11], sunflower oil and hepatic fat [2T1)



Liplds play a majJor role in the formation of the fundamental
structural elements of cells, Thelr resistance to oxidatlon 1s
ensured by the presence in the liplds of antloxidants which impede
oxldatlon reactions and protect the structural lipids from numerous
radicals and peroxlides forming in the cells during natural metabolic
oxldatlve processes, Similar antioxidant systems exist in other cell
substrates. Therefore, to understand the possibility of the occur-
rence of chaln reactions in cells of the organisms on irradiatilon,
the kilnetlecs of oxldation and radiation oxidation of a substrate in
the presence of an Inhibltor-antioxidant 1s of interest. The kinetics
of oxldation for such systems was repeatedly studied on different
oxidizable organic compounds [13, 14%], These investigations showed
that in the presence of an antiloxidant, the development of branched
chain reactions is 8trongly retarded, but nevertheless the process
occurred, since we can detect the conversion products. In tinis case
weak 1lnhilbltors operate, Under strong inhlbitors the reaction is
completely retarded and we could not detect peroxides or any other
reactlon products., In both cases, however, a reactlon always occurs
between molecules of the inhilbitor and the radicals belng formed,
the inhibltor consumption is governed by the linear law. In the
presence of a sufficlent amount of inhibitor the reactlon occurs
slowly 1n the steady state (incubation period). Thils steady~state
regime 18 maintalilned untll some portlion of the antloxidant 1ls com~
pletely destroyed. On further reduction of the antioxidant con-
centration, the reaction rapidly changes to a nonsteady autocatalytic
regime and begins to develop rapldly. In a number of lnvestigatlons
1t was demonstrated that for the reaction to change from a steady

regime to a nonsteady, 1t is sufficlent to lower the concentration of
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the antloxidant by several per cents.

Analogous processes occur in the lipids of organisms (Fig, 3).
Their antloxldants under normal conditions are contlauously but slowly
consumed, thus maintalning a steady reglme of oxidatlion of lipids at
a very low level, It 1s impossilble to relegate the antioxidants
contained in lipids to the group of strong inhibitors, because lipid
extracts from animal organs always contalin a small quantity of lipo-
peroxides [15, 16], which attests to the presence of the reactlon.
This developmental process of reactlon and destruction of antloxidants
in the steady state occurs at a constant rate, since to replace the
spent inhiblitor new portions of i1t are taken up from the external
environment also at a constant rate, and the concentration of anti-
oxldants remains constant the whole time, The change to a nonsteady
autocatalytlic state can occur if this equilibrium course is disrupted
by the appearance of numerous radicals as a result of which the
antloxidant 1s destroyed at a higher rate, and 1lts concentration will
no longer be compensated by uptake from without, Such disturbance
of equilibrium occurs under the effect of lonizing radiations, and
at critical reduction of the antloxidant concentration the destruc-

tlon reaction beglns to develop rapidly.
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L. I. Zhuravlev, who determined the content of antioxldants and
peroxides in lipild fractions of the liver y-irradlated rats, experi-
mentally proved that such a change from steady to nonsteady state
occurs when the amount of natural antioxlidants ls decreused by 10-15%.

The 1nduction of branched chaln reactlons requires a large
initlal energy, therefore the development of the reaction 1s slow,
Acceleration of the reactlon is more easlly accomplished when the
reaction developes very slowly. Induction of chaln reactions in
lipids 1s facllitated since chain reactions of oxidation are con-
tinuously océurring in them and only in the steady state. Experi-
ments on oxidation of paraffins [17] is of primary interest to under-
stand the mechanlisms for inducing chain reactions in biological
systems, Paraffins are resistant to oxldation, and large doses of
vy-rays are requilred to oxldlze. It was shown that 1f we induce
development of a slow oxldatlon reactlon by increasing the tempera-
ture, then upon subsequent lrradiation doses of 70 r are sufficient
to provoke a vigorous oxidation reactlon.

It 1s probable that in the high-polymers of cells, chaln reac-
tions can develop upon irradiatlon., Physicochemical observatilons of
living cells and tlssues show that immediately after irradilation,
changes in viscosity and hydrophilism are observed in the cells. 1In
the blological systems [18] polymerization occurs through peroxide
radicals and peroxldes as a result of the formation of oxygen cross-
links between macromolecules, Similar reactions are observed when
nuclelc aclds and proteins are irradiated.

Statistical regularities are characteristic for the emergence
and development of chain reactlions at inltial stages. Each radical

formed 1s far from becoming the center of reaction (1t can be
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destroyed upon recombination or react wlth substances not partilcipat-
1ng in the reaction). On the other hand, as a result of destruction
of intermediate products, the bond which has already formed can be
broken. Thls probabllity of breaking the bond is decreased, of course,
as the number of bonds increases., For small doses the probabllity

of forming centers decreases, and sporadic bonds can be formed for
hundreds of lonlzation events. This statistlical character 1n the
formation of a chaln process allows us to explain, why lesions do

not develop in all cells of a cell population when irradiated and

many ionizaﬁion events occur.

We can explain all the principles ol hlbting a tacrgel from the
point of view of the probability of forming a reaction, and these
kinetlc dependences can be described by the same formulas by which
the target theory operates.

When evaluating the role of the radiochemical reaction, Jjust as
when evaluating the primary reactlon in radlation injury, it is firat
of all necessary to take 1lnto account the possibllity of the gquantum
yield of the reactlion and 1its time dependence,

Oxidatlive radlochemical reactions occur both in water and in
waterless solutions, In the primary lntensifyling mechanisms, those
which develop by the chaln mechanlsm are of import, regardless of
whether induction occurs through the radicals of the solvent water,
directly. Such reactions can occur in fats, aldehydes, carbohy-
drates, nlirogen-containing organic substances, and Iin nuclelc aclds,
In all cases, along with the radicals, a basic role belongs to the
peroxldes as Intermedliate products. According to the data of N. N.

Semenov they are factors for chain branching
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ROOH— PO+ 4+ OH-
PO - PH—» ROH + R-
R + 02-» P00 ete,

It i1s known that 1n the presence of oxygen, reduclng reactions
can be induced along with oxidlzlng reactions. True, thls occurs
conslderably less often. In most cases the reducing agent 1s the
hydrogen radlcal. The rate of certaln reactions in the biochemical
components 1s completely independent of the oxygen concentration
and the antioxidants present., For instance, radiation destruction
of ribonuclease and carboxypeptidase even Iin water solutions do not
depend on the concentration of oxygen and cysteilne [19, 21], Radla-
tlon disintegration of phosphorus-containing compounds with the
formation of phosphorus ethers [20] is also independent of the con-
tent of oxygen-and protective substances. Data are known about the
reduction of certaln dyes in the presence of oxygen., On the basis
of the quantitative principles we can assume that radiation 1nduced
nonoxldizing reactions also play a part in primary mechanisms. The
specific nature of these reactlons, however, has not yet been dis-
closed., There are bases to assume that the significance of these
reactions increases under the effcct of radlations with a large

lonization density. In thls case thelr yleld is lncreased.

Indirect Action

The chemlcal effect on varlous substances in weak solutions
under irradiation is basically determined by the actlve radicals H,
OH, HO2 and hydrogen peroxlde forming in the aqucous phase [21].

These radiochemical concepts about the indirect induction of

reactlons through the solvent were later applied to radiobiology [22].
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Such a point of vliew opposes the target theory, and 1s widely recog-
nized. According to thls so-called theory of indirect actlon the
biologlcal effect depends on the formation of radicals 1n the agueous
phase of the cells and tissues, l.e., 1nduction of the reactions in
organic substances 1s accomplished solely by the indirect method.

The basls for such an assumptlion 1s the generally known fact that
live tissues contain much water (up to 60-90%).

The theory of indirect action in radioblology completely dis-
regards the possibility of dlrect iInduction of radiochemlical reactlons
in organlc cémponents of the organisms without taking into account
that the formatlion of radlcals and peroxides occurs in organic sub-
gtances and 1n some of them the ylelds of the radlcals 1s much higher
than in water [24, 25].

In water solutlons the predominance of direct or indirect action
18 determined by the ratio of the volumes of the solvent and solute,
On the basis of numerous investigations it 1s consildered that the
predomlnance of indirect action 1s obgerved when the ratio between
the volume of the solvent and solute 1s less than 1.5 (0.1 for low-
molecular-welght substances). When thls ratlo is increased the
dlrect actlon begins to vigorously ilncrease, In blologlcal systems
this ratio is considerably higher than 1.5 [23, 26]. In addltion,
1t should be noted that indirect actlon 1s observed in weak moleo-
ular solutions, where each molecule 1s surrounded by the solvent,
and therefore does not contact other molecules, 1.e., the possibllity
1s precluded of the interaction of the dissolved molecules, and
propagation of the reactions and energy migration do not occur. In
blological systems the water 1s distributed unevenly; there are

structures forming phases consilsting of many thousands of molecules,
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where both energy migration and propagation of radiochemical procesaoey
are possible [27].

We cannot disregard that a certaln portion of the water 1is
bound, therefore energy migration to the orpganic molecules can occur
and this increases the volume of the organic phase [28],

The water and peroxlde radicals forming in the aqueous phasc of
the cells, of course, participate radlochemlcal reactions developing
in organic substances, We cannot, however, attribute an exclusive
role to thls factor. Under the physicochemical conditions of cells
we can speak'only about the ratio of the direct and indirect actions.

At present there 1s rather much evidence indicating chemical
reactions can be induced in different blochemical components of
organisms directly by irradiation in the absence of water. For
instance, the ylelds of peroxlde-active products Iln squalene when
irradiated with equal doses are two orders higher than in water, It
is necessary to take into account that the formation of radicals in
the organic phases can occur after direct lrradlatlon as a result of
the development of aftereffect reactions. This 1s impossible in
water. In the aqueous phase recombination 18 easier, and the hydro-
gen peroxlde 18 destroyed qulte actlvely with respect to the kinetlcs
of the chailn reaction, therefore its steady-state concentration is
very low [26, 27]. Hence, we cannot indlcate that only indirect
actlon occurs in blological systems. The formation of radicals 1n
the aqueous phase and in the organic phasec to the same cxtent can
induce reactions in organic substance of cells. The predominance
of some will depend on the physicochemical factors determining the
kinetic principles for developing and inducing reactions. This

depends not only on the ratio of volumes, but on the temperature and
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ionic ylelds of the reactions. Thus, on the basls of available data
we can say that, when higher organisms are affected, dilrect induction
in organlic substrates prevalls. In many cases, both water radicals
and those of the organlc phase induce the same reactions. There are
characteristlc ecxamples, however, showing that under direct and
indirect actions the reactions occur differently. For instance, on
radiolysis of acetic acid in weak solutions, H, HO, and succlnic acld
are formed, whereas 1ln more concentrated solutions CO, 002, CHu, c,
and H are formed [26, 28].

Investigations of the effect of water content on the radlosen-
attivity arc usually cited as the strongest avgument la Lavor of the
indirect-actlion theory. Inactivation of viruses, spores of lower
organlsms, bacteria, and seeds in the dry state requires considerably
larger doses of radlation than In a swollen state. In certaln tests
the difference reached three orders,

Many investigations have been carried out whlich showed that on
dllution of cellular and viral gsuspensions, thelr radiosensitlvity
Increased, and that dealth of cells, for Instance paramecia, in low
concentration 1n an aqueous medium depends on the presence of hydro-
gen peroxide which formed during irradlation [29]. The dilutilon
el'fect 1s also clted as proof of the indlrect action. At the same

Irradlatlon dose the amount of inactivated enzyme in a wilide range

solution [30]. For instance, when two weak solutions whose con-

centraticns differ 60-fold are irradiated, thelr lnactivation was
ldentlcal., This test actually shows that enzyme inactivatilon ls
determined by the products of the radlolysis of water, since the
probabillty of electrons hitting molecules changes, whereas the

probabllity of the formatlon of products of radiolysils remalns
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constant, Desplte the fact that the concentration of enzyme changes
almost by two orders, the total volume of molecules of the enzyme
remains negligible with respect to the mass of water, This dilution
effect only confilrms the general radiochemical law that indirect
action 1s predominant in weak homogeneous agueous solutions.

The maln argument for proof of the monopolistic action of radl~
ation on living organisms through water 1s that as the amount of
water content in seeds of plants and spores gradually increases,
their radiosensitivity lncreased [31, 32]. These convincing tests,
however, should not be taken as proof, The increase in water is
always accompanled by an increase of metabolic processes and as these
Increase the sensitivity generally increases, since varlous radlcals
and peroxides in the cell increase, thus facllitating the 1nduction
of radiochemical reactions.

There 1s no direct relation between increase of water content
in seeds and radilosensitlvity. For lnstance, in tests with wheat
seeds 1t was established [33] that when the amount of water drops
from 10.5% to 3%, thelr radiosensitivity does not decrease but
increases, With slight increase in water content of bean seeds
thelr radlosensitivity increased, on a further lncrease in water
within a certain range it did not change, but upon still further
increase of water, it decreased., We can explaln such a relationshilp
only by the change ln the rate of the so-called metabolic processes
which increase when the water is increased and which decline when
there 1s too much water (water paralysis).

Model tests on polymerization in aqueous solutlons are often
regsorted to as proof of the indirect action of the reaction, Actually,

polymerization of water-soluble monomers (vinylpyrrolidonacrylate)
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explicltly depends on water radilcals, and polymerization of nucleic
aclds 1is accelerated in the presence of hydrogen peroxide, Here,
however, the radicals forming from the molecules of the monomer are
important, therefore the role of water radlcals in weak solutions
decreases when the concentration increases., For instance, on poly-
merization of methacryllc acld the rate of polymerization in a rather
wlde range depends on the concentrations of the monomer,

As proof of the primary role of indirect actlon, we polnt to
the fact that in aqueous solutions the antioxidants (cystelne, p-
mercaptoethyiamine) retard polymerization of methaacrylate induced
nadiatian and caunged hagiecally hy water radicals, and at the same
time when introduced into an organism they attenuate irradiation
injury. We cannot make conclusions from this, however. These sub-
stances, belng typical antloxidants, generally tle up any oxldizing
radicals and peroxldes, thus inhibitlng oxldatlve reactions, includ-
ing the oxidizing radical OH+< arnd hydrogen peroxide, Thils fact
Indicates only that oxidizlng reactlons are important in a number of
primary processes induced by radlation,

One of the arguments often clted to support the exceptlonal value
of indirect action ls the possibility of explalning the attenuation
of radiation lesions by the drop in oxygen partial pressure durlng
lrradiation, In accordance wlth thls concept, on radiolysis of

water in the presence of oxygen the radical HO2 is formed

H - 0, - HO, (1)

Upon a decrease in oxygen concentration, its formatlion 1s markedly
retarded and as a result the biologlc action 1s attenuated., Such a

reaction,ls obviously, possible and during 1ts course a certaln
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number of HO2 radicals can be formed, however, as current investiga-

tlons show this radlcal is formed by the reaction

OH + OH - H202

(2)

H202 + HOE-a HEO

The yield of this radical induced by <y-radlation is very low, it 1s
conslderably higher (by more than one order) when induced by radia-
tions with a high lonization density [34%, 35]. At the same time it
1s well known that the dependence of the survival of lrradlated
organlisms of the oxygen pressure ls demonstrated only upon radiations
with o low ifcnizabvion density, and is certainly not observed upon
radiation with a high density. In addltion, the reactivity of this
radlcal to the induction of reactions in the organlc phase 1s very
doubtful. This radlcal, as many radiochemists polnt out, is com-
pletely ineffective with respect o organic compounds, and 1lts action
can be demonstrated through the formation of hydrogen peroxlde when
these radicals recombine.

In addition, and this 1s very important, an increase in survival
when the oxygen pressure 1s lowered ylelds a marked threshold effect,
and it 18 qulte impossible to explain this from the point of view of
the indirect-actlion theory, since the formation of HO2 radicals wlth
respect to reaction (1) should be proportional to the oxygen con-
centration.

Indirect 1nduction of course 1ls important in the radiobiological
action, however the ratio of direct and indlrect lnduction in bilo-
logical gsystems can be strongly modifled. Thils ratio depends on the
percentage of water, the reactivity of water and organic radicals

and peroxldes, and on the possibility of forming chain and
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autocatalytic reactions wlth high ionlc ylelds in the substrate
under consideration,

Indireet action is malnly characteristic for cell suspension of
bacterlia and viruses, where there 1s much water per cell, In this
Indlrect actton the role of the stable product of radiolysis, hydrogen
peroxide, lo important. Indirect action is demonstrated more strongly,
the lower the reactivity of the cell substrates,

Thus, when the ratio of the water-organilc substance shifts
toward an Increase in the volume of the organic substance, the
orpganic substﬁnoe Lforms continuous phases, the cells contact each
other and reactivity increases (for instanece. ns a reanlt ~f the
high level of metabolic reactions, a lower activity and smaller
amount of unatural inhibitors of the rcactions), the direct actilon
prevalls. The ratlo between direct and indirect inductlon is deter-
wined by physlcochemical conditlons. Therefore, the proof of the
primary role of Indlrecct action obtalned on mock-ups and cell suspen-
giong where the optimum conditlons for indirect action are created,
doces not have a general, fundamental sipgnlflcance, and we cannot
apply 1t to tissues ol higher organlsms,

The relative significance of dirccet and Indirect actlon can
markedly vary cven in the cells of a single specles of lower organ-
Lomss owlnys Lo the reactlvity of the compounds entering into the com-
position of the cells, In cells of higher multlcellular organisms,
dlreet actlen should predominate direct inductlon of reactlons for
che magortly ol the basic cell substrates (llpids, nucleoprotelns,
nuctele aclds); indirect action 1s characteristic for other sub-

sbeates with Jow radlation reactivity (protelns).
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The predcominance of direct actlon in cells of higher organisms
1s confirmed by the numerous facts of the detectlon of active perox-
1de compounds in the organic phases.

In a number of cases an lmmedlate differentiation of direct and
indirect actlon and thelr relationshlps 1s possible., In particular
this dependence can be demonstrated on lower organisms which endure
a wlde range of oxygen-pressure changes wilthout injury. As is known,
when the oxygen pressure drops, survival or organisms lrradlated by
ionlzing radlations 1is increased. This phenomenon, true, by stretch-~
ing the 1magination, can be explained from the point of view of the
theory of indirect actlon (but only qualitatively). It has been
established that on lncreasing the oxygen pressure above a certaln
1limlt, the survival of yeast increases, and radlosensltivlity decreases.
This phenomenon is impossible to explaln from the point of view of
the indirect-action theory. The number of oxidizing radicals, Ix
partilcular H02, continuously lncreases wlth an lncrease in oxygen
pressure. At the same time, 1t 1s well known that a decline in
reactlvlity when the oxygen pressure 13 increased occurs as a result
of the development of oxidative branched chaln reactiong, It was
established that for yeast of a diplold race in a water culture, an
increase 1n oxygen pressure has a very weak effect (increase of sur-
vival) and the median lethal dose (LD5O) here 1s equal to 40 kr. In
an air culture on agar, an lncrease 1in oxygen pressure above 1 atm
conglderably lncreases survival and LD50 = 120 kr. Hence, ln a water
culture indirect actlon predomlnates and the over-all radlosensitivity
thus increases: 1n an alr culture, on the other hand direct action
predominates and the radiosensitivity decreases (Fig. 4). For the

haplolid breed of the same specles, the radlosensltivity is much
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higher (LD5O = 4 kr) and the change (lncreases) in survival when the
oxygen pressure 1ls increased 1s identical both in the air and in the
water cultures, l.e., the water content has no effect on the extent
of damage and the effect 1s dependent on direct action. The physico-
chemical condltions 1n the haploild cell are favorable for the develop-

ment of radiochemical reactions (Fig. 5).
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Fig. 4. Destruction of yeast Fig. 5. Destruction of yeast
Sacharimyuc vinil (diploid vs. Sacharimyuc vini (haploid vs.
oxygen pressure; 1) alr cul- oxygen pressure: 1) alr cul-
ture; 2? water culture. ture; 2) water culture.

As was already noted, the appearance of energy-producing, very
active radicals ahd peroxides which can become centers for the forma-
tion of reactions 1s required for the development of radiochemical
reacztlons of the autocatalytic and chaln type in irradiated blolog-
ical substrates. The products of the radiolysis of water can be such
active products. Here, however, the active products forming in the
organic substrates are important [36].

Detectlon of the radicals and peroxides in the blologlcal sub-
strates 1s an indicator for such radlation-induced reaction. In
recent years, attempts were made to demonstrate such broducts,
primarlly free radicals, using thelr characteristic feature, the
presence of a magnetic moment. The formation of free radicals in

blochemical components and even in living cells was recorded by the
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paramagnetlc resonance method [37-42], Attempts to detect radicals
directly in the agueous phase at normal temperaburcs were not success-
ful, However, the presence of radicals H* and OH 1n ice at low tem-
peratures after irradlation was proved. The difficulty in determin-
ing free active radicals 1is because their life span 1s short (of the
order 10"13 sec), therefore thelr steady-state concentration is very
low and 1s outside the limlts of sensitivity for the EPR method, by

means of which we can detect the concentration of a radlcal of no

more than 10f12 M. On freezlng, the processes of recombination and

chemlcal interaction are greatly retarded and the concentration of
radicals 1s increased.

A considerable increase of free radicals (100 and more) is
detected upon irradiation of amino acids and native proteins in dry
form [37]. It is much more difficult to detect the appearance of
radicals in the organic phases by thls method 1n the presence of
water, since the signal is attenuated, and therefore it 1s necessary
that the sensltivity of the device be very high. With an increase
of the sensgitivity of the EPR method, it was posslble to detect the
appearance of radlcals 1n both water medlums and in living cells,
however, the results were not too distinct and therefore most studies
are carried out on dehydrated tissues of organlsms,

It was of interest to investilgate frozen yeast cells which when
thawed were completely revived [4#1]. The cells were nurtued on
deuterium water because 1t was possible to shift its signal which
usually keeps the baslc signals in the background. Thils made 1%
possible to detect more distinctly the signals from organls sub-
stances, These tegts proved that upon lrradlation radlcals appear

both in the water phase, and in the organic phase. When the well-
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known protective substance B-mercaptoethylamine, which has antlox-
1dizing propertles, was introduced into the culture during irradia-
tion, the radicals in the organic phase reacted with it and their
number decreased, the number of radicais, however, remained the same
in the water phase. This testifies to the high reactlivity of the
organlc radicals and 1ndicates that durlng irradiation oxidizing
radicals are formed in the organic phases.

Subsequent lnvestlgatlions established that radicals forming in
amlno acids and proteins during lrradlation are manifested 1in pro-
teins exposed to different denaturing factors under large doses of
radlatlion which 1nduce denaturling. These radicals are very stable.
We were able to detect the appearance of radicals after irradilation
in living obJects, for instance in normal and deslccated embroyos.

A study of the nature of the signals showed that they originate from
the protelns also. (The tests were conducted at high irradiation
doses.)

In tests on desiccated organs of rats subjected to lrradiation
with normal doses (1000 r), such radical formation was not detected
[43]. 1In all organs, except the spleen, an increase in the number
of radlcals was not observed during 48 hours after irradiatior. In
the spleen 1lmmedilately after irradiation the number of radicals
decreased conslderably and after 48 hours was restored. Thls means
that the steady-state concentration of active radicals is so small
that 1t 1is impossible to detect 1t by means of contemporary devices
which record the presence of radicals only when thelr concentratlon
exceeds 1015 per 1 g. The concentration of radicals drops 1in pro-
portion to thelr reactivity. Therefore, we can, as a rule, detect

the 1nactive or slightly active radicals. This 1s very nlcely
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confirmed by the cited data obtained on spleen tests,fiA deqfeé§é:lQ:

the number of radicals pfesent before irradiaﬁioﬁféhgﬁ; tﬁgt;tégééi .
radlcals energetically enter the reaction and thelr 14¥e Spgﬁ;ié
shortened, Thls 1s understandable from the polnt of’vieW‘bf“thE“ C
data whlch lndlcate that radlatlion malnly accelerates those reactions
which develop at a low steady-state statlonary level, What was
observed in the spleen obviously occurs in other cells, but under
the given test conditions it went unnoticed, and completely correlates
wlth the fact- that the spleen 1s one of the most radiosensitlve
organs.,

In this respect, the lnvestigation of radical formation in
amino acids at very low temperatures is significant [38]. On i1rradia-
tlion at low temperatures, another type of radical appears, In addi-
tion to the sliéhtly actlve radlcals detected earller, which gives
signals only at low temperatures. These are more actlve radicals;
thelr steady-state concentration at normal temperature 1s very low.
Attempts to detect by using the EPR method, radicals in liplds,
where lrradlation induces intensive oxldizlng chaln-type reactions
and where radicals are definitely present, which also can be detected
by other methods, dld not yleld results, since their steady-~state
concentration 1s very low owing to high reactivity and short life
span.

Attempts were made to determine the presence of radicals upon
irradiation, having used for this purpose substances whilch react
with radicals and bind them.

Besldes the low steady-state concentration of active radlcals
in living cells, a big obstacle in detecting them in living blo-

logical system by the EPR method is the large quantity of water, in
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the EPR method has so far ylelded very little information about the.
balance of radicals in living, functioning cells and thelr change
when irradiated. More sensitive methods are necessary for thils than
those avallable to us.

All methods directed at eliminating the effect of water (mechan-
ical homogenization and desiccatlon) automatically distort the actual
plcture, since any mechanical action and desiccation per se cause
the formation of radicals, and the interpretation of the obtained
data 1s 1nevlitably arbltrary. In this respect measurements at very
low temperatures are promlsing, but for the present there are very
few of them., We must use other methods to evaluate the compositional
change of the radicals in living systems., As 1s know, the polymeriza-
tlon process 1s.a radlcal reaction; during this the baslc role
belongs to the oxidizing peroxide radicals., If we lntroduce monomers
into a system contalning radicals, the polymerlzation process will
develop in proportion to the number of radicals, and based on the
degree of polymerization we will be able to evaluate thelr quantity.
If there are chalns of a polymer of another compound 1n the system,
then as a result of radical reactlon polymerization will occur along
the chain of the exlsting polymer and a stable bond wlll develop
between them, This process 1s called grafting.

Since cell protoplasm consists of higher-polymer molecules, it
should be expected that such grafting will occur when monomers are
introduced into the cells and radicals are present. Basedon the
magnltude of the resulting polymerization, we can evaluate the
number of radicals in the cells in the norm and on irradlation.

Therefore monomers soluble in water which easily penetrate living
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cells were selected, These are derivatives of vinylpyrﬁoliggpg_éﬁd!A>

acrylnitrite, At a 2% concentration in the culture medium, these -~ -
compounds have no toxle effect on the living yeast cells, which
normally grow and propagate. The radlcals forming 1n the-cells—cause
polymerizatlion of these polymers and thelr grafting to the blopolymers
As lnvestigations on yeast showed, the polymerization process

develops very slowly in normal cells. By determining the chaln
length of graft polymers and thelr total number, it 1is easy to cal-
culate the number of free radicals present in the cells,

Thls method has advantages over others: 1t enables us to
account for the presénce of free radlcals in the living undamaged
cell, to take 1nto account the actlive radilcals which can enter into
the reactlion and, 1n additlen, which 1s very substantlally cumula-
tive., The accuﬁulation of the effect occurs after a certain time
interval, whlch allows us to demonstrate actlve radicals whose one-
tlme steady-state concentration 1s very low and 1s impossible, for
instance, to determlne by the EPR method 1n tests wlth live cells
radiated by y-rays.

We attempted to determine the total number of radlcals under
irradiation by introducing a water-soluble vinylpyrrolidone monomer
into the 1living cells of sprouts of winter wheat seeds Tritlicum
vulgare [44], The monomer easily penetrated the cells, and at 2-4%
concentratlion did not have a toxic effect on them., Polymerization
and grafting of the vinylpyrrolidone monomer to the biopolymers
occurred in the cells in the presence of radicals, The amount of
graft polymer was determined by the increase in welght of the mass,
and from this, the number of radicals [45, 46]. It was found that

the number of radicals sharply increases after irradiation with theilr
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increased number appearing in the cells both in the presence and
absence of oxygen. In the presence of oxygen, with a i° temberathfe
rise grafting increcases (Fig. 6), and in the absence of oxygen it

decreases with an increase in temperature (see Table).
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Fig. 6. Radiatlon grafting of poly-
vinylpyrrolidene on wheat seeds at 30°C.
1) no oxygen; 2) with oxygen.

Welght Increment of Seeds (P2 - ) /By, F*
Without redistion at temps | With redistion at temps
(%) (%)

&0 50, 70 30 50 70

In presence of nxyaen

03 90 122 2.6 177 21,2

In absencs of oxygen '

1,0 7.8 6,7 21,8 13,6 7.1

*Po) initial weight; Pl) welght of
non-radiated seeds; P2) welght of irrad-
lated seeds.

Data on radical formation in cells during irradiation show that
intensive radlcal formation occurs after direct 1rradiation, and this
confirms the development of chaln reactlons during which such radical

formatlion is possilble,
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A positive temperature coefficlent in the presence of oxygen '~
shows that during primary activation, 1mportahcéVisiaﬁtéﬁh}dft9~thg#r

peroxide radicals and peroxides whose number increase.with.tempera-.

ture rise; they are grafting centers, The negative temperature coef-

ficlent in the absence of oxygen Ilndicates that grafting depends on
radlicals of a nonoxldlzing character, A temperature increase accel-
erates thelr recombination, and this lessens the rate of grafting
reactlon., Thus, In primary actlvation the lonlzing radiation ilnduce
nonoxidizing_reactions along with oxidlzing reactions,

Investigations of the chemoluminesacence of living cells provide
conglderable Information about the formatlon of radicals and thelr
nature, Chemoluminescence, as 1s known, accompanles oxidizing reac-
tlons of an exothermlc character, i.e,, malnly chaln-type reactions
which develop by the radical mechanism.

It was previously established [47, 48] that normal tissues of
hilgher organisms radlate extremely weak light fluxes (10-100 kv/sec)
in the green and blue reglon of the spectrum, This radlation l1s
caused, as analysls has shown, by chemoluminesence occurring during
a slowly.developlng process of autoxidatlon of structural lipilds.
In the norm this process in cells of the liver, spleen, muscle and
the brain is malntalned at a very low steady level. Upon 1rradla-
tilon, emisslion lncreases and 1s established a higher steady level,
and after several days increases agaln, This increase, as the kinet-
ics of chemoluminescence polnt out, occurs after lrradiation, which
indicates radlcal formatlon already in the process of developing an
exothermic chaln reaction,

Peroxides are of great interest from the polnt of view of under-

standing primary reactions., They are formed from the peroxide
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radicals and, in twrn, the hydroperoxides can be. broken downnforming
radicals, In addltion to the radlcals, the peroxides are lmportant
as lntermediate products in the development and initlation of chain
reactlions, The peroxides are a factor for branching.the'ohaio;;w~“__-mm“m_
therefore thelr detectlon confirms the development of oxidative reac-
tions with high quantum ylelds. Peroxides have an important role

in promoting and fostering chains in oxidlzing chain reactions which
spontaneously develop In l1liplds exposed to irradiétion, and they

have a similar role 1n the polymerization processes. Therefore, the

paper of V, Horgan and J, Philpot caused much interest. After using
various oxidizing-reducing reagents, they detected lipoperoxide in
butanol extracts from tissues of lrradlated animals, which was not
identified with a single known peroxide compound. Later many inves-
tigators detected lipoperoxides following irradiation. The kinetics

of thelr formatlion were studled, As a result, it was established

that in the liplds of 1irradlated rats and mice the lipoperoxides

appear very rapldly. As a rule, they exist in a small stable quantity
Thelr quantity increases lmmediately after lrradiation. The ilonic

yleld of this initial reaction is, uncondltlonally, about 300

[49, 50]. The formation of peroxides does not noticeably increase

later and is retaineg for a certain time at a stable level [51].

Upon introducing antioxidants before irradiation, the yleld of these
primary peroxides decreases [52]. The presence of peroxides immedi-

ately after irradiation was detected 1n the skin and various organs

of rats dy Philpotst method [53] and in spleen mitochondria of

irradiated rats [55]. The only work in which, as was reported, 1t

was not possible to detect an increase 1n peroxides after irradiation

in the carcass of rats and in their skin [54, 56] was more than once
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.repeated with positive results., It is characteristic that lipoper-

oxides are vigorously formed in animal organs under small lethéf' e

doses; under large doses (20,000 r) this 1s not observed. Investiga-

tions of the peroxlde forming-reactlons lipids in vitro demqnstpated

the total listed lipids [16] and squalene [11], and that an identical
pictureris observed In the tests in vitro and in vivo [57]. The
detectlion of llpid peroxldes during the direct act of irradistion
indlicates the development and induction of initial chain reactions
with high quantum ylelds. Presently there are reports about the
detection of beroxides of nucleic acids forming during irradiation,

On analysis of the possibility of inducing radiochemical reac-
tions in cells and tilssues, 1t 1s necessary to take into account that
these systems are not homogeneous, multiphase, and thelr radiochemical
behavior in vitro often wlll not correspond to the radiochemical
transformation in mlxtures, where the different components are
inadequate with respect to their radiosensitlvity.

In the statistlcal distributlon of the ionization events, ion-
lzed molecules and excited states appear in dlifferent blosubstrates.
These primary physlcal events will often cause chemicsl conversions
and the development of reactions in the same substrate. In other
cases the excltatlion energy can be transferred to other molecules
and cause (or enhance) the development of reactions in other sub-
stances of the mixture [58]. Such a transfer is mostly accomplished
by the direct lmpact of molecules. As a rule, this transfer 1s
possible from molecules possessing a higher excltatlon potential
to molecules with a lower potential, If EA > EB’ the energy transfer
1s possible only from A to B, but 1is not the other way.
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Molecules B, having received the eﬁergy, cah.uhaéféd #,éhé@igﬁi;r

conversion or llberate this energy and return to an unéicited'sgéte;"“‘"

A partlcular case of thls transfer is the protective effect when sub-

stance B protects substance A and makes 1t imposslble for radio-
chemlical reactions to occur there. For instance, 1in the mixture
toluene~cyclohexane (potential is equal to 8.8 ev) — benzene (poten-
tial is equal to 9.4 ev), radiolysis of the tuolene primarily occurs,
In a 1ipid system with inhlbitors-antioxidants thé excltation energy
of the lipld molecules transfers to the antioxidant (cysteamine,
B-mercaptoalanine, and tocopherol) and to a certaln extent i1s de-
exclted, thereby protecting the llplds from oxlidation. Thls same
mechanism 1n reverse can sensitize the development of the reaction 1n
certain blochemical substrates necessary for the organlsm. If is
very probable fhat a certaln amount of energy from exclted molecules
of bound and free water can be transferred over chains of hydrogen
bonds to the organic substances (wilthout the formation of water
radlcals), and this obviously explains the catalytic effect of water
when all of 1t is in the bound state. A sharp decrease in radilo-
sengitivity when removing the water occurs only when the last traces
of water are removed. Such transfers are possible from molecules of
one substance to those of another when the distance between them 1s
no more than 5 A,

Assumptions have been repeatedly made that in blological systems
the excltation energy can be transferred over several molecular
radll to a place where the chemical event can occur wlthout losses,
l.e.,, energy migration can occur, Thils assumptlion 1s postulated by
supporters of the modernized target theory who, resting on the pos-

81bllity of energy transfer over large dlstances, attempted to
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eliminate the incongruities arising in the‘target"thgaf&fﬁﬁé

afingithé sensitive volume. As is khdwn, the ﬁ?éﬁgféé?é?é%ﬁg&ig&}qy

energy 1s possible to distances of up to 50 A, It wééﬂpfoVéa“ﬁﬁéf'i"
the energy migration over protein crossalinks—13mpossib1e“according+;~
to the resonance mechanlsm. This mechanlsm, Judglng by certain con-
clusive papers, 1s characteristic for the photosynthesis process [59].
There are, however, no dlrect experiments which would confirm the
posslblility for energy migratlon of ionilzatlon evénts in bilologlc
gystems under the effect of lonlzing radiations because these assump-~
tions do not have any concrete basis.

For the time belng we should refer with care to the attempts of
arbltrary Interpretation of every dlstant action as energy migration,
We cannot forget that during chemlcal processes, dlstant actlon can
be accomplishea In heterogeneous systems and is accomplished more
often at the expense of other mechanisms. Many processes at a dis-
tance are caused by diffusion of active products, peroxides, and
radicals having a long life, A simllar distant actlion ls observed,
for instance, when under condltlions of direct actlon the hydrogen
percxide molecules diffuse to organlc molecules, Such a method can
diffusely propagate the toxic molecules formed durlng lrradiation.
Distant actlon can occur as a result of propagation over some sort
of organlc phase, for lnstance along high~polymer chains of a chain-
type chemlcal reaction. In this case, advancing along the structural
elements, llke along a wick, these reactlons are propagated to other
substrates and induce other reactions there by thelr radicals and
peroxldes,

The assumptlon was hypothesized earlier that primary activation

can occur as a result of secondary radiation (ultraviolet) occurring

55~



BN o — - P - - P

when the bonds break 1n the lonlzatlon event, Thils point éﬁ ii?ﬁ;b#ﬁ;y
not been confirmed. First, the yleld of this luminescence proved

very small and, second, the fact that the effect of ultraviolet can— - - -

be removed on irradiation wlth the vislble spectrum contradlcts the
participation of secondary (ultraviolet) radiation in inducing pri-
mary reactions. Such reactlvation does not occur under the effect
of ionizing radlations. .

It was hypotheslzed that actlvatlon of the initial reactions
developing under irradlation 1s accomplished by the iron of chromo-
proteins, During lrradlatlion blvalent iron 1s converted to trivalent
iron in the cytochromes, therefore transfer of oxygen is disrupted
and enzymatic actlvity of iron-containing enzymes decreases. This
point of view does not correspond to well-known facts: iron-contain-
ing oxldative enzymes are very radloresistant, in the same way as
the act of breathing, Iron, however, and very probably trace ele-
ments, are imporﬁant in the activation of initial oxidlzing reactions.
Cyanldes, suppressing the catalytlc effect of heavy elements, exert
a protective action when administered before irradition, In the
presence of iron and other metals, cyanldes do not exert antloxidiz-
ing actlons. For instance, adding bilvalent iron to oleic acid con-
slderably accelerates 1%s rate of oxldation and makes this system
more sensitlve to irradlation., The addltion of 1lron-binding cyanides
retards this reaction, but not completely, and only by that magnl-

tude which increases 1n the presence of iron,
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INHIBITION OF THE PRIMARY REACTIONS IN BIbSUBSTRATES

of greaf importance 1n understanding the nature and role of
primary reactions in radlation damage were the investigations which
showed that, with certain physlcochemlcal effects on living organisms
the development of radlatlon lnjury can be reduced considerably dur-
ing irradiation, This direct lnhlbition of initlal reactlons at an
sarly stage of thelr development 18 good information about their
mechanisms,

Of greatest interest are the data on the inhibition of the
injury reaction by changlng the oxygen pressure, the so-called oxygen -

effect and by using certaln chemlcal compounds, so-called chemical

protection,

Oxygen Effect

It has been established that when the oxygen partlal pressure
is lowered durlng the actlon of ionlzing radiations having a low
ionlzation density (X-rays, y-rays), the radiosensitivity of organ-
1sms 18 reduced considerably. Such a protective effect when the
oxygen pressure 1s reduced 1s a general blologlcal phenomenon — 1t
is observed in viruses, bacteria, and higher and lower animals, A

reduction of oxygen pressure during irradlatlion reduces mortality,
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the per cent of heredlitary mutatlons, decreases the amount of chréﬁoé
some breaks, and other manifestations of a pathologlcal nature [1].

It was-hypothesized that the attenuatlon of the radiation effect
when the oxygen pressure 1s reduced 1s connected with-a slowing-down
of respiration and metabolipm, and thus, as 1s known, radiosensitivity
1s decreased. On the other hand, it was proposed that a reduction
of oxygen pressure attenuates the rate of development of oxidizing
radlochemical reactions caused by irradiatlion in ahy biochemical cell
component, 1l,e,, thils reaction 1s not connected with metabolic oxida-
tlve procesgses.

In most cases these two posslbllitles cannot be discerned, since
metabollsm 18 slowed down when the oxygen pressure 1s reduced, Cer-
tain experimental data, however, indlcate that a change in radio-
sensitivity is ﬁot connected wlth a change ln metabolism. For
Instance, on a reductlon of oxygen pressure a protective effect 1s
observed in hoth geroblc and anaerobic bacteria [2].

The effect of oxygen pressure on the number of chromosome aber-
rations of irradlated rootlets of horse beans were studied both
under normal and inhibited respiration [3]. Respiration was revers-
ivly suppressed by the ammonlum salt of nitrosophenylhydroxylamine
and 1lts retardation was monitored by a manometer, As a result, a
typlcal oxygen-effect curve was obtained durilng suppression of res-
piration.

From these data 1t follows that a reductlon of oxygen pressure
renders a direct lnhiblting effect on the initlal oxldation reaction
induced by radiation in any substrate.

In higher animals, respiration 1s sometimes indirectly connected

wlth the oxygen effect, When breathing ls lnhibited the oxygen
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partial pressure in the tlssues 1s reduced, It was established that

substances (morphine, tryptamine) suppressing the'respirétofy éénﬁéfim"“

reduce the radiosensitivity of animals, In rabbits, injected with
such substances, the oxygen pressure in the tissues 1s reduced to
values where protecﬁion occurs when the oxygen pressure of the
inspired ailr is reduced [4-10].

Reduction of the oxygen pressure does not create absclute pro-
tectlon of organisms and mammals, but under the most optimal con-
ditions i1t can reduce the effect of irradiation (magnitude of the
dose) by appfoximately 50%.

The effectlveness of protectlon upon an lncrease in oxygen
pressure is connected with the ionlzation denslity. Maxlimum reductlon
of radiosenslitivity 1s attalned at low lonizatlon densitles, and the
protection effect decreases with increasing lonizatlon density. At
a high lonlzation density, for instance when irradiating wilth a-
particles, the oxygen effect 1s completely absent. An lncrease in
survival upon reduction of oxygen pressure indlcates that oxldizing
reactions play some role 1n the deleterious effect, and the incom-
pleteness of the effect shows that these reactions are not unique.

As 18 known, attempts were made to explaln the oxygen effect
from the point of view of the indirect-action theory. According to
this theory, which 18 shared by many investigators, in the presence
of oxygen the radical HO2 (2H0-0 — 2H02) is formed in addition to
radicals H and OH during radiolysis; when the oxygen concentration
1s reduced, the amount of this radical decreases and the oxldlzing
capabllity of water is increased., Current papers on radlochemlistry
pay much attention to thils radical, however, as was establlshed, 1ts

role in radioblology is greatly exaggerated. This radical is formed
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in the presence of air in a small quantity under the act;gn of radia-

tions having low lonlzation density, and its amount 1ncreases con-zvn

slderably as ionization denslty 1ncreases. Its yield under the

actlon of heavy particles 1s approximately 10 times more than that
when lrradiating with X- and Y-rays, i.e., a plcture 1s observed
which 1s Inverse to that which occurs under the oxygen effect, which
ls completely absent under the effect of heavy particles on organisms
when there are many HO2 radicals, and which is demonstrated at a low
lonizatlion dénsity when there are few of these radicals, The data
from a study of the binding of radicals HOQ in cells by organlc
antloxldants contradlet this concept. These antioxidants react wiii
radicals of the organic phase and do not react with radlcals of the
water phase,

To understand the mechanism of the initial oxidizing reactions
induced by radiat;ons, the kinetlc principles of the rates of injury
reactions in the blologlcal obJects are of interest. Whlle making
a quantitative study of the survival of organisms after irradiation
under varlous oxygen pressures, many lnvestigators noted that the
protective effect 1s not proportional to oxygen pressure, but a
threshold pattern (all-or-nothing) 1is observed. They focused atten-
tion on this phenomenon when studying the survival of mice X~ irrad-
lated in an atmosphere with an increased oxygen content [5]. It was
establlished that when the oxygen concentration is increased from 30
to 80% the survival of mice did not change, but when the pressure
was reduced from 8 to 6% a sharp increase was observed, This kinetic
pattern is characteristic for many cases and for different organisms
(for bacteria [6], bean rootlets (Viecia faba) [3, 7], granary wee-
vils [11], etec). This phenomenon (Flg, 7) was not explained from

~
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the point of view of the Indirect-action theory. Formation of.ihé“_
hydrogen peroxlde and radlcals was studled during irfadiéfio@-ﬁiiﬁ B

v~ and X-rays; no threshold effect was observed when the oxygen"pres;":
sure was changed during irradlation, and the amount of these pro-—— - — —
ducts increased continuously with an lncrease of oxygen pressure.

There are reactions, however, where their rate changes irreg-
ularly depending on oxygen pressure, As N. N. Semenov and his stu-
dents polnted out, on 1ncreaslng the oxygen vressure the rate of such
reactions does not change up to a certailn 1limit, then an abrupt
inhibition sets in, The latter occurs both when the oxygen pressure
1a reduced and when 1t 1s increased above a certaln limit. Accord-
ing to N. N. Semenovt!s terminology, these are upper and lower oxygen
limits between which an oxidizing chaln reaction with branched chalns
develops. Such an irregular dependence of the reaction rate on
oxygen pressure 1s explalned by the fact that when oxygen pressure
18 elther increased or lowered, conditions develop under which rup-
ture of the chains as a result of triple collislon bhegins to prevail
over thelr formation. The presence of upper and lower 1limits in
oxldlzing reactlons, which were observed on various substrates, 1s

an indication that the reaction develops by the chaln mechanism with
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In living organisms 1t is usually difficult to verify the pres-

ence of the upper oxygen limlt, since when the oxygen pressure is -

increased the organisms dle even without lrradlation. Such a test,
however, can be conducted on certain organisms which, wlthout dls-

turbing vital activity, endure the lncrease of oxygen pressuf;m;;;ﬁ
up to several atmospheres. It has been demonstrated on yeast of the

diploid race Sacharamyus vinl and on agar cultures that survival of

yeast after lrradiation under different oxygen pressures increases
when the pressure 1s reduced below 100 mm Hg, as well as when the
pressure is increased up to 1 atm anA higher [12, 13]. The protec-

tlve effect 1s the some under a reductlion or lncrease of pressure

(Fig. 8).
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Fig. 8. Death of yeast under
irradiation vs. oxygen preasure,

An analogous phenomenon was observed upon irradiating yeast in
an atmosphere of pure oxygen under normal pressure [8].

The protective effect of the haplold race 1s conslderably higher
than that of the diplold.

The protective effect of reduced oxygen pressure is difficult
to detect 1n higher animals, since 1t is disgulsed by the toxlc
effect. In a certain range, however, under lncreased oxygen pressure,
when toxlcity 1s st1ll low, we can detect a small reduction in the

radiosensitivity of mice.
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The irregular dependence of the death of the object on oxygen

pressure, which was observed in the tests descrilbed aboVe, suggésts'

dependences characteristic for the occurrence of oxldlzlng reactions

with branched chains., The presence of two limits allows us to con-

clude that the oxygen effect is connected with Inhibition of the
chain oxidizing reactlon ilnduced by radiations in organlc phases of
cells, and that these reactlons develop with branched chalns., The
presence of the threshold effect 1s clearly detected when the oxygen
pressure in higher and lower animals 1s reduced, however for lower

animals this 1s not always characteristic in the presence of a large

amount of water., Oflen in these cases lhe cw've ol increasing sur-
vival or oxygen pressure decreases proceeds smoothly, which 1s
explained by the predomlnance of indirect actlon during which death
of the organisms 1s determined by reactions of another type., Obvi-
ously we can note that indirect actlon will prevall when the radlo-
sensitivity of cells 1s low, i.e., conditlons for Ilnduclng chain
reactions are unfavorable, In this case indirect actlion increases
radlosensitivity. The kinetics of the development of the oxygen
effect relatlve to the pressure allows us to differentlate these two
mechanisms. On the basls of this kinetics we can conclude: 1n
tissues of multicellular organisms (from mollusks and higher) direct
radiochemical action on organic bilosubstrates prevails,

The presence and unlversallty of the oxygen effect under the
action of lonizing radiations having low lonization density clearly
indicates that oxidlzing reactions are induced in cells by radila-
tions.

The threshold character of the dependence of survival of the

obJects on the oxygen pressure indlicates that these reactlons
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-"established particulanly—on phages, where a,dependence\o msurviy l -

on hydrogen pressure was observed.~ The presence of the oxygen effect

‘was ‘noted on certain biochemical eystems 1n tests 1n vitro. These
exceptions indicate that under the effect of radlations nonoxidative
as well as oxidative resctions can be induced in certain substrates.
The absence or marked weakenlng of the oxygen effect under the
action of radiation having a high ionization density shows that under
these conditions nonoxidative reaction or reactions in which
oxldation occurs as a resuit of utilizing bound oxygen, are strongly

accelerated, Ii These reactions develop more qulckly and induce such

a volume of damage that death of the organism ensues, they will be ,

determinants and the oxldative reactions will be hildden.

Chemlcal Protection

The effect of chemlcal protectlon is highly significant for
understanding the nature of the primary reactions durlng radiation
reactions,

It is known that many chemlcal compounds when introduced into
protozoan cultures and into higher animals 1mméd1ately before irradi-
ation can significantly reduce the number of deaths and other mani-
festations of damage. When these substances are introduced, primary
reactions developing under irradiation are inhibited [14-16].
Basically, such inhibition (retardation) is attained due to the fact
that the protective compounds rapldly react wilth the active radicals
and other active products forming in the blosubstrate upon irradia-

tion., Such compounds can also retard the development of reactlons
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press respiration and thereby cause anoxia (reduction of oxygen con

centration in the-tissues). —- - - LG

Recently numerous compounds capable cof reduciﬁg daﬁage when
introduced before irradlation have been described. Compounds con-
taining sulfhydryl groups and sulfur have a signiflcant protectlve
effect, Cysteilne, glutathicie, e-mercaptoethylamine (MEA), and
others are effective In tests in vitro, protecting the proteins
from radlation denaturation, nuclelc aclds from oxidative polymeri-
zatlon during lrradiation, 1llplds from oxldatlion, ete, These com-
pounds reduce the mortality of protozcans and higher animals, MEA
1s the most effective in this group. All the fundamental investiga-
tions devoted t6 an explanation of the mechanism of prophylactic
effect were carried out with the group of these compounds.

At present other types of compounds are known (which may or may
not contain sulfur) — amines, sterolds, certaln antibiotles (aureomy-
cin, penicillin, tetracycline), quinones, flavones — which also have
a protective effect [15]. Attempts were made to explain the pro-
tective effect of substances contalning sulfhydryl groups by the
fact that the primary mechanism of the radliation effect on cells 1s
the inactivation of -SH groups (which are important in oxidative
enzymes) by the OH radlcal that forms on radiclysis of water. This
polint of view has not been confirmed, The -SH groups are reslstant
to irradilatlon, and at first no changes 1n thelr content in irradi-
ated organisms for several hours after irradiation the content of
the reduced glutathione did not noticeable change [18]. Sulfhydryl
enzymes (succinic oxldase, succinle dehydrogenase and cytochrome

oxldase) in various organs of higher animals proved most resistant
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__nto irradiation. In addition in the protective effect f' ubst‘

,containing -SH . groups, no peculiarities were e ec_e

qualitatively differentlate the effect of this group from_the effeet
.. of _other. protective substances (thiourea,- sodium azideymsodium thio=—-

sulfate, tryptamine, sugars, etc). Therefore, attempts were made

to find some effect common to all the prophylactic substances. Wide

generallzations were made on the basls of model tests, The process
of radlation polymerization of polymethacrylic acid and other high-
polymer compounde, which develops in aqueous solutions and is accom-
plished mainly by indirect induction by products of water radlolysls,
is inhibited by many prophylactic (protective) substances. A certain
correlation exists between the inhibiting action and the biological
effect of protection. This parallelism in the effect on the system,
in which direct action clearly prevalls, gave grounds to assume that
all prophylactic protective substances possessed a capacity to bind
actlve radicals of water forming during irradiation in the agqueous
phase of the cells. Thus, this substantiated the primary role of
the products of the radiolysis of water in the blologlcal effect [17].

Actually, under the conditions for the course of reactions in '
aqueous solutlons, when the conditions for the prevalance of indirect
actlon are created, the mechanism of the protective action of the
substances 1s demonstrated in the neutralization of active products
of radiolysls of water since all the protective substances belong to
readlly oxidized compounds,
Lately 1t was hypothesized that the basic property uniting all

the known protective substances i1s thelr antloxidizing capalcty
[20-23].

All the prophylactically reacting substances are, as a rule,
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inhibitors that retard the development. of oxidizing reaction

a%;in

parﬁicular chain oxidizing reactioﬁs.f Tﬁé1#:éﬁﬁié%}é}g;éé;@ééﬁg;t?
appears with respect to reactlons occurring in organlc subsfggﬁgg;wv
without water and 1n aqueous organic~system5;~they~can~reﬁardéoiidii;iuﬁi;—
ing reactlons which are developlng both by dilrect and indirect mechan-
lsms, -Certain substances which dlrectly create an antloxidizing
effect, causing anoxla by reacting on the resplratory center, are
exceptlons,

It 1s interesting to note that the antioxldants widely used in
industry for protectlion against spollage of nutrltlve and industrial
fats, pefroleum prodncta; ruhher, and other materlals, belong in
those groups of compounds whlch include the bilologlcal protective
substances [25]. A very good correlation 1ls observed between the
capaclty of chemlcal compounds to protect organlsms against the effect
of lrradiatlon and thelr capacity to retard development of chain
oxidation reactions in vegetable fats [24].

F. Yu, Rachinskly and N. M, Mozzhukhin [20], after testing
numerous organic substances for thelr capaclty to retard the oxida-
tion reaction in lard, established that each substance which shows -
a protectlve effect In the blological experiment is an inhibltor of
oxidizing reactions (antloxidant), But not every antloxidant can be
used as a protectlve substance. Protectlve substances possess
reducing propertles and therefore retard oxidizing reactions, A
difference exlsts, however, between the concept "antloxidant" and
"reducing agent." The antioxidizing effect of a substance depends
upon lts capaclty to blnd the Intermedlate products of oxldlzing
reactlions which are complex, and in organic substrates they very

often occur by the chaln mechanism., The intermediate products can
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differ in nature and have dilfferent redox potentials, Therefore
reducing agents do not always reveal antloxldlzing properties, Cases
are described where oxldizlng agents retard the oxidizing reaction.
There are many examples where one and the same substance in sub-
strates similar in properties in one case retards the oxidation reac=-
tion, and in another activates it. Alanine, for instance, retards
the oxldation reaction in olelc acid and activates 1t in linolelc
acld [25]. Pyrogalllic acld retards the oxldation of benzaldehyde,
but accelerates oxldatlon of tcluene, These 1nvestigations point

out that the Eorrelation between the capaclty of compounds to retard
(inhibit) the chaln reactions of oxidation in lipids and thelr capac-
ity to protect the organisms against Ilrradlation prove to be more
complete than on models where the indirect action prevalls.

It has been established that the effect of chemical protection
1s observed on drled blologlcal obJjects (spores). For lnstance, &
reduction of oxygen pressure on lrradlation of bacterlal spores care-
fully drled at low pressure has the same protective effect as on
normal living organisms,

A significant protective effect, not inferlor to that of thio
compounds, wag demonstrated by amino compounds, partlcularly by
tryptamine and its derivatlives. The latter proved very effective,
Under X-irradiation it reduced the effect of the dose by 50%. These
compounds, however, have a pecullarity which differentiates them from
other protective substances. They provide a good protective effect
on higher organisms and weak effect on lower organisms, Tryptamlnes

apparently have antiloxidizing properties, but weaker than those of
thioc compounds.



The stronger protective effect on higher organisms indicates a
physiologlcal protection., Tryptamlne inhibits the actlon of the
respiratory center and thus reduces the oxygen pressure in tissues
of higher animals. Here protectlon also leads to an antloxidizing
effect, but only after a reductlon of the oxygen pressure. 8till
stronger 1s the protective effect of morphine. It also protects
only higher animals by acting on the respiratory center and offers
no protection at all to lower organlsms,

Certain .lnvestigators are generally inclined to conslder the
effect of an& prophylactically protectlng substance as the effect
of the substance lowering the oxygen concentration 1n tissues to
limits where the oxygen effect occurs, i.e., the entire problem of
protectlion agalnst lrradlation reduces to the single factor of anoxia
[26, 32]. This assumption is based, first, on facts which show that
when protection 1s attalned by a reduction of the oxygen concentra-
tion, the addition of protectlve substances proves to be ineffective
[27-29]. This is not proof at all of the uniqueness of their partic-
ular mechanism of sction, but only indlcates that lack of oxygen and
the action of the antloxidants which actively scavenge radicals anq
peroxides which formed as actlve lntermediate products, tend to
retard the complex oxidizing reaction., If this reaction 1s retarded
by a deficlency of oxidative material, then the addition of radicals
and peroxldes of binding substances will not be effective, since in
the retarded reaction there is nothing to bind: there are nelther
peroxides nor radicals there, Second, for proof that prophylactic
protective compounds lower the amount of oxygen in tissue of higher
organisms, certain investigators determined the oxygen pressure In

tissues by the polarographic method, using an inserted platinum
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_protection by tryptamine [4]. = __

‘electrode, For instance, based on the GXygen Wave thi 5 be.

lished the drop in oxygen pressure in rabbit tissues under radiation

We can agree wlth these data if we take lnto accouﬁt that the
oxidlzing properties of tryptamine are very doubtful, Certain inves-
tigatofs determined by thils method the drop ln oxygen pressure when
large doses of cysteine, cysteamine, and other antioxidants were
introduced into the organism [31]. The oxygen préssure can be deter-
mined polarographically on the platlinum electrode, but this deter-
minatlon is indirect. The oxygen pressure 1s determined the effect
of its concentratlion on the electrical reaction of hydrogen peroxlde
formation at the electrode, The antloxldants affect the rate of
this process and lower 1ts electromechanical potentlal, Therefore
these data do not completely characterize the oxygen content, and
indicate only to the presence of protectlve substances., O0f course,
between protective action of anoxla and the actlion of antloxldants
there 18 a relation — inhlbition of one and the same reaction, It
should be noted here that a reductlon of oxygen pressure guarantees
maximum protection, This, of course, lg explalned by the fact that,
a reduction of oxygen in the tissues 1ls accomplished easily and is
not accompanied by secondary phenomena. The effect of the same
prophylactic protective compounds 1s weakened by a number of phenom-
ena, The protective substances in most cases have a toxlc actlon,
therefore 1t 1s lmpossible to use them in a high concentration.
Their permeability into cells 1s very often insignifiéant, in any
case they can compete with gaseous substances, The protective sub-
stances can be used up on various secondary reactions and can be

oxidized by numerous substances avallable in the cells,
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Presently known prophylactic substances and an oxia act on bnéf:; i

and the same reaction. For instance, on irradiation of mice in a

state of anoxla the protective action of cysteine 1s not demonstrated

[32]. On a reduction of oxygén pressure cysteamine — the ‘best pro-
tective preparation — does not ensure addltional protection for bac-
teria [28]. In the absence of oxygen cysteilne also does not ensure
protection against irradlation of a suspension of rabbit thymocytes,
etec, Certaln indefinlte results obtalned previously are apparently
explalned by the fact that fests with animals are not always set up
under conditiﬁns of a maximum level of protection by anoxisa.

Under optlmum conditions, however, protection by chemical agents
and oxygen reduction 1s nevertheless lncomplete. When the ioniza-
tion denslty ls increased, the protectlve effect 1ls decreased, and
when radiating yith a high ionization density (a-Particles, protons)
it completely disappears. Under optimum protective conditions (1ow
lonization density) the best protective agents and anoxia cannot
remove more than 50% of the dose. In additlon, protective substances
have a bheneficial effect only for a very short period at the primary
stvages and during development of initial reactlons, Many categoric-
ally affirm that the protective agents are effective only durlng
irradiation, l.,e., they react and find the radicals and peroxides
induced directly by radiation, and after irradiation are completely
ineffective., This 18 not so, They can haveé a beneflcial effect
after irradiation; however, 1t 1s significantly weaker, Thelr effec-
tiveness 1s rapildly reduced in time owing to development of initial
and competing reactions, Thls compllies wlth the mechanism for inhib-
iting chaln reactions in general. The lnhibitors, as a rule, have
a maximum effectiveness in the initlal perlod of development of the
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reactions, and then their effectiveness rapldly decreases, ‘Théié'a?é
other explanations, however, for the decrease of efflcancy under the“
biological action of radiation [33, 34].

The protective agents, in particular those containing the -SH
group, when systematically adminlstered after irradiation do not
weaken, but enhances radlatlon leglon, This effect for cystelne was
detected on mice under external and internal irradiation,

When 2-mercaptoethylamine and cysteine are introduced into irrad-
lated mice in nontoxic doses thelr mortallty lncreased when these
preparations were introduced postirradistion. The low effect of
oxygen protection, protection by chemlecal substances, and the nega-
tive effect of prophylactlic protectlve substances when lntroduced
postirradiation can be explalned only by the fact that among the
initial radiochemical reactions are those of a nonoxldizing character
developlng independently. Under the effect of lonlzing radlatlons
with a high ionization density, the antioxidants do not completely
guarantee the effect, although here the oxidizing radlcals and perox-
ides are formed in a larger quantity than under the effect of radia-
tions with a low lonization denslty., Attempts were made to establlsh
a relation between the redox potential of chemical systems and thelr
protective capacity.

The redox potentlal was determined homogenates of animal organs
injJected with protective substances, as well as in model tests,

These investigations did not reveal a correlation between the values
of the redox potential end the protective efréct. In living, func-
tioning cells of organisms there 1s, as 1s known, a steady-state
equilibrium, since these are open systems found in continuous exchange

with the external environment. The existence of oxidation-reduction
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steady-state equilibria among others is enSured'by'the“éntI'”

tural mechanlism of the cells, During the destruction of cells h

oxidatlion-reduction dynamic (steady-state) equilibria in homogenatea

are disturbed, the values of potentials drop, and thermodynamic
equilibrium is established which 1s completely inappropriate to that
existing in the living cells,

A correlation exists, however, between the redox potential and
the effect of provective agents. Only for this purpose 1t 18 neces=-
sary to determine the values of these potentials under conditions of
steady-state éqnilibrium normal for cells, On measuring the redox
potential in cricket hemolymph by microelectrodes it was established
that the 1lntroductlion of various protective substances and the crea-
tion of anoxia shifts the potential to the positive side [29]., Here
the protectlve effect depends linearly on the value of the potential,
Besides the general chemical propertiés determining the capacity of
a8 compound to bin@ radicals and peroxides, and thus render a protec-
tlve effect, of importance for 1ts protective effect is the complex
of additive properties of physicochemical nature which make it pos=~
sible to accomplish thils protective effect in complex organisms and
cells, The capaclty of protective substances to easlly penetrate
celis i1s of importance. The chemlcal potential of these compounds
cannot be too high, since as 1t moves 1t will react too rapidly with
different substances encountered along 1ts path, for instance with
oxygen, and therefore be expended before 1t penetrates the cells,

An example 1s the low protectlve effectiveness and even its complete
absence in strong reducers (hydroquinone and others)., These sub-
stances should not be absorbed, since this reduces thelr capacity

to penetrate cells. These characteristics can explain the absence
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of radlcals and peroxldes. It 1s because of this that we sometimes

. observe anomalies in the protective effect., For instance,--while- ——
studying radiation hemolysis of erythrocytes it was established [26]
.that at a concentration of 10'2M thiourea has a good protective
effect; when the concentration 1s reduced to 107K it protective
effect 1s weakened, and when the concentration 1s reduced to 2 X 10"3M
1t already activates the radiation hemolysis. This  phenomenon 1s

obvlously cognected with the princlples of sorption on cellular

surfaces,
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PRIMARY AFTEREFFECT REACTIONS
Principles of Development

As a result of the radlation effects 1ln blochemlcal components
of cells the following processes occur 1ln sequence: 1) the absorp-
tion of radiation energy by the substance; 2) the formation of active
radicals and lcne — the converslon of radiation energy to chemical
energy and 3) development of initial radiochemical reactions after
direct irradiation,

The first and second processes are photochemlcal reactions, The
quantity and quality of radicals forming here and thelr energy
determine the possibllity of the formation of intermedlate active
products which can iniltlate reactlions wlth hlgh quantum ylelds
[1, 2], Irradiation of organisms at low temperatures makes 1t
possible to distinguish these processes clearly, For example, when
studying the temperature dependence of the mortality of dlgitalls
polen in a range of low temperatures, a value of 1,1 was obtained
for the temperature coefficient, which distinctly indicates a photo-

chemical process which determines further development of ilnitial
reactions [3].
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A characteristic feature of the deveiopment of_fgrﬁﬁéﬁlr;a;ﬁig@sj;_
18 the presence of high temperature coefficients (activation energy),
therefore for many blologlcal objects temperature‘chafaétéfiitié‘éﬁﬁ;””‘
yleld values of the order of 20,000-30,000 kcal, By virtue of this
the rate of such primary reactions should severely drop with a drop
in temperature.

In moat cases a change 1in temperature during short-time irradia-
tions does not effect the subsequent development of injwy., For

example, on lrradiation of tadpoles of Rana cubltschiana the develop-

ment of morphological indexes of radlation lesion (pyknosis, homo-
genization and fragmentation) does not at all depend on temperature
within limits from O to 20°C in which irradiation was carried out

[4, 6]. But if the irradiated tadpoles are kept at different tem-
peratures, this‘very strongly affects the rate and degree of thelr
damage on subsequent days., Upon a rise of temperature from 0 to 20°
the temperature coefficlent becomes equal to 2, Upon a drop in tem-
perature there usually occurs a delay 1n the manifestatlions of radia-
tion- leslons, however with a subsequent rise of temperature the
signs of injury again begin to rapidly develop [5, 7]. This demon-
strates that the reaction can practlcally stop, its actlve inter-
mediate products are retained for a long time at a low temperature
and can again inltiate the reactilon.

One of the clearest papers in this direction was the lnvestiga-
tion conducted on frogs [8]. If frogs are kgpt at a reduced tem-
perature for a long time after irradiation, the development of reac-
tions 1s stopped for several weeks. When the temperature was railsed,
badiation leslon developed at the same rate and intensity as in

frogs irradiated and maintained at their normal temperature (25°C),

80~



Analogous data were obtained on salamander eggs [9]. This means
that as a result of the first photochemlcal reactlion 1ln cells and
substrates of organisms, initlal actlive products can form which
trigger initlal reactlions with a high actlvation energy. In some
cases, for lnastance irradlation of ascarid eggs kept in to the cold,
not only is a delasy of the phenomenon of radiation leslon observed,
but also a subsequent lncrease of survival, il.e.,, a partial destruc-
tion of the active products or thelr washing out from the cells [5].
These facts do not contradlict what was already stated, but show that
in this case there occurs not a recovery of some structures (this

is impossible at low temperatures), but a decrease in the amount of
active products., Thus, on the basls of numerous investigations we
can conclude that the magnitude of the temperature coefficlent for
the development. of radliation leslon must be more than two and some-
times 1t even reaches 6-7. This, of.course, 1s the total, When the
temperature 1ncregses the rate of the metabollc reactions increases,
however, 1t 1s significantly slower. The manifestation of the
destructlive effect caused by the development of initial reactions,
or the effect of producsts formed during these reactions 18 possible
only during metabolism.

A characterlistic feature of the development postirradlation
lesions 1s 1ts phase quality and presence of an lncubatlon period,
during which the inlitial reactions develop at a very low, almost
statlionary level, Medicine has long differentlated three phases of
acute radiation lesion: 1) initial reactions, 2) false sense of
well-being, and 3) acute development of lesion. This system approxi-
mately characterlizes the kinetics for the development of radiochemical

aftereffect reactions, arislng postirradlation in cells of not only
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higher but, as current investigations show, in those of 1owér’orgéﬁ¥
1sh§. _

It 1s usually shorily after lrradiation, minutes or hours -
depending on the dose and rate of l1rradiation, that changes of a
blochemlcal, physilologlcal, and physciochemical character are detected
in the.organism. Immedlately after irradiation the swelllng capac-
ity of cells increases and their volume somewhat lncreases [10].
Shortly after irradiation leucocytosis develops and an exclted state
of the central nervous system and 1n increase of the bloelectrical
activity are observed. The state of hyperactivity is noted in vari-
ous 1solated cells., Numerous blochemical lnvestigations show that
shortly after lrradiation we can note 1ln the tlssues activation of
certaln enzyme systems (protease, hydrolase, lipase) and sometimes —
the opposite effect: thelr temporary lnhibition, increased decom=
position of the phosphorus compounds, dlsturbance of intermediate
proteln and carbohydrate metabollsm, nuclelc metabolism, etc, Under
small doses these changes increase for a certaln time, reach a maxi-
mum, and agaln return to normal. Under a high dose these changes
inerease more quickly, under higher doses this process becomes irre-
versible and leads to death of the organism [1, 2].

These changes are, of course, a reflection of the development
of rapidly forming inltlal reactlons with high lonic ylelds following
the lmmediate effect of irradiation. Many investigators observed
such reversible reactions at minimum lethal doses on different lower
organisms (the simplest mollusks, hydra, and plants). After this
period, if the doses are not tco great, the organism returns to
normal, and during this subsequent perlod it 1s difficult to detect
in the cells any changes of a biochemical or physiological character
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connected with irradiation. This 1s the so-called perlod of false
gsense of well-being. The changes are demonstrated when the organism
dies after a long time interval (tens of days). The duration of this
periocd in lower organlisms 1s prolonged when the temperature 1s
reduced; on the other hand, when the temperature 18 increased 1t
becomes less, After the period of false well-belng, signs of damage
begln to develop rapildly.

The transitlon from the period of false wellJbeing, when all
the 1ndlces are normal, to the terminal period 1s characterized by
a rapid increment of blochemical and physlologlcal changes.

The genersl plcture of the changes for various indices after
irradlation indicates that in the first approximation the general
aftereffect reactlion 18 composed of two reactlons with different time
characteristics'superposed on each other. Analysis of these changes
shows that the two peaks of blochemlcal and physiological changes
in the reactlon of radiation aftereffects are assoclated with two
different inltial radiochemlcal reactlons 1nduced by radiation.

These characteristlcs of the reaction of radlation aftereffects

are taken as the phase quallity of the development of radiation leslon
(Fig. 9).

Increment of lesimn
indications

Fig. 9, Time-dose dependence of the char-
acter of increment of lesion indications in
mamuals. :
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Kinetic analysis shows that in this case two réactidhs oééur,
having different mechanisms which develop independently each dthér.’:
A very clear analysls of these two reactlons was carried out on
hydra [11]. After irradiation in small and medium doses the body
contracts durlng the first 20 hours, Gradually, the length of the
hydra decreases and reaches minimum, This reaction develops in time
as a dying reaction wilth an exponentlial character of development.
When the doses are large the specimen dies during the development
of this reactlon; at small and medium doses this reaction dies out
after a certain time and the conditicn of the hydra becomes normal:
it straightens out (Fig. 10).

The temperature coefficilent of this reaction within 5-25°C
proved to be equal to two., For 2-4 days the hydra behaves normally,
then 1ts body aéain begins to contract, This process of contraction
now occurs by the self-accelerating type. The temperature coefficient
of this second contractlle reaction turns out to be equal to 3.5,
This means that the 1nitlial radiochemical reactlon ocutwardly yileld~
ing the same effect of contraction differ in nature. The peculliar-
1tles of the curves of increment of contraction demonstrate the
principle difference of these two reactions.

The presence of two similar maxima was detected by studying the
time-death dependences of yeast [12]. Here the dependence of the
magnitude of these maxima on the dose wae indicated (Fig. 11). With
Increase of dose the number of cells dying at the first maximum
Increases, and at very large doses they all perish and the second
maximum is not formed. With decrease of dose (within limits of
absolute lethal doses) the number of cells perishing at the second

maximum, which ensues appreclably later, increases, and at minimum
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lethal doses they all die. This character of the time-death distri-.
butlion after radiation is explalned only by the fact that of the two
reactions forming as a result of l1rradiation, the first causes a--
smaller ionic yleld, but is formed In time more quickly and with a
small induction perliod. The second reaction has a long inductlon
perlod, but develops with a high lonlc yleld., Therefore, the volume
of lesion, in which irreversible pathologlcal conditions are a%?eady
developing, is attained in the first reaction under large doses, and
not in the second., Slnce the first reactlon 1s formed in time earlier
than with large doses, it causes death of all organisms, and the
second reactlion does not have time to develop.

The probabllity of death at the second maximum will increase
with decrease of dose, and the probabllity of death at the first
maximum will increase with increase of dose. If we take into account
the dependence of cell death on dose at the first maximum, we obtain
an exponential curve; 1f we take the same dependence Into account at
the second maximum in the smaller dose range, we obtain a sigmoidal
curve,

Analogous dependences were obtained for higher animals [13].
Data obtained by B. N. Rayevskiy [14], who took into account the
dose-death time for mice, teatify to the presence of two radiochemical
processes (reactions competing with each other). One reaction has
a high lonilc yleld, whose rate lncreases exponentially wlth dose and
reaches saturatlon at a 5 kr dose, and the other has a lower lonic
yield, which predominates at higher doses, As a result, the summa-
tion of these effects reach a plateau (3.5 days), which depends on
the time parameters of these reactions. Thils constant magnitude can

be changed not only by whole-body irradiation, but also by local
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irradiation of individual systems and organs, since the réqct;pnsrr

develop at different rates [15].

On the basis of statistical-processing of data on death of mice
at more moderate doses, Mewlssen [16] also concluded that death by
y-irradiation 18 caused by two 1independently occurring processes
gseparated by a time Interval, The tlme-death distribution of mice
at several maxima was also observed by N. V. Luchnik [13], who dif-
ferentiated five peaks of death for y-irradiated mice (Fig. 1,2).
These peaks are signlflcant, but they clearly characterilze secondary
processes, In the dose range wlth which he worked the second reaction
was dominant and the first was reduced; however, in this case we can
discriminate two maln rises.

It was noted that prophylactlic substances act differently on
the death distribution at different peaks, however, these data are
incomplete,

Thus, the few Investlgations of the quantitative character of
the time-death distribution of organisms confirm the lnconsistency
of the assumption about one mechanism or one reaction responsible
for the blologlcal effect of ionizing radiations., In the initial
event of irradiation many reactions occur in very diverse blologlcal
gubstrates, If these reactions do not form by the autocatalytlce or
chailn mechanism, in which they involve hundreds and thousands of
molecules into the reactlon for a single initlal event and thus
ensure development of the aftereffect reactiqn, then they fade out,
causing insignificant chemical changes which, however, can influence
certain blological functions. When acute lesion and cell necrosis
is used as the criterion, two competing action s are clearly mani-

fested which develop independently of each other,
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The genéral character of the development of signs of radlation
leslon in time with small and medlum doses of irradiation are similar
to the kinetlcs for development of chaln reactions, The external
manifestations (blological reactions in time) are the result of
complex, diverse processes, but they refleect the kinetle principles
of initial reactlons which produced them. The degree of development
of these inltlal ;eactions and their gignificance in cell death
depend on dose and rate (lonization density).

For the most part, reaction 1 (Fig. 13) with a long incubation
period develops with the minimum absolutely lethal doses, This reao-
tion has the highest quantum yield but 1t forms slower than the
othérs; its incubation (induction) period depends on temperature
and dose, This 18 clearly an oxldizing reaction. Investigations of
the survival rate of diploid yeast at this peak showed that the
incidence of death greatly decreased when the oxygen pressure and
the effect of antloxidants was reduced, The reaction clearly indi-
cates a chain reaction with degenerate branching. The following
kinetic characteristics testify to this: 1) incubation (induction)
period; 1) high (3.5) temperature coefficient and 3) the presence

of oxygen 1limits (survival rate increases on reducing the oxygen
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pressure and on increasing 1t above 1 atm and, what 1s particularity

characteristic, the threshold effect 18 observed, as demonstrated in

_yeast).

Reaction 2, corresponding to the average maximum in Fig. 4 and
to the firstin Fig. 5, 1s also an oxldizing reaction, however, 1lts
behaviof wilth respecf to a change of oxygen pressure is different.
Inhibition of yeast cell death on reducing the oxygen pressure occurs
only when the pressure is decreased. This confirms the oxidizing
characteristig of the reaction. We cannot, however, relate it to a
type of chain reaction with degenerate branching. The closer tem-
perature coefficlent also precludes this possibllity. This reaction
probably develops by a type of unbranched reactilons, but considerably
faster and with a smaller yleld. Competitive relations between these
two reactions, which apparently develop simultaneously in different
substrates with different rates, are clearly expressed in the test
of G. G. Polikarpov with hydra and A. D. Kolontarov with yeast (see
Figs. 9-13).

“i

02 06 10 14
Oxygen pressure (ata)

Fig. 13. Effect of oxygen
preassure on destruction of

yeast in 3 peaks (dose 60-
300 7).
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At average lethal doses, reaction 2 causes the bilologilcal reac-:

tion of csntraction, but does not lead to destruction, The.;;gﬁ;;BA
perishes at later time, during reaction 3, At more pokérfdlvdaéés” -
(40 kr for hydra and 100 kr for yeast) the specimens perish during
development of reaction 2, and reaction 3 cannoct develop. Upon
decreasing the dose to the minimum lethal dose, the development of
reaction 2 does not even reach the limit at which the biocloglcal
response 18 manifested, and only a remote contracfion to the body is
observed accompanied by death (reaction 3). At still higher doses,
reaction 1 appears, which develops wlth the greatest rate and with
the least quantum yleld (see Fig. 10). |

The death rate at the maximum of reaction 1 18 completely inde~
pendent of oxygen concentration (see Fig, 13). This reaction 1is
clearly of nonokidative character, and the protective substances,
antloxlidants, do not reduce death at this maximum.

Thus, under the action of lonlzing rsdiations, in different
bilosubstrates all three reactions develop, from which the aftereffect
reaction 18 added, These reactlons, developing in parallel with

different time parameters, produce 1n the complex blologlcal system

a well-defined response,
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Fig. 14. Destruction distribution
of organisms vs. ionization density
in time: 1) a-rays; 2) y-rays.
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In the competition of these reactlions their intensity. and.. ...
quantum yield are important. The probability that a dec;siiq‘e&@ng
(death, mutation, etc;) wlll develop as a result of one of these
reactions will depend on lonlzation density. Scatter 1s 6S£;ihéaw
within the time limits for the development of each reactlon as a
result of statistlcal fluctuations in development and their ylelds.,
Therefore, the aftereffect reaction (blological effects) will be
composed of three statistical distributlions overlapping each other,
but whose maxima will be distributed in sequence on the time axils
(Fig. 14).

At greater lonlzatlon densitles; the intenslty of reaction 1
can attain a limlt at whilech all the cells wlll die at the first maxi-
mum from nonoxidizing reactions, This is observed under the actilon
of radlation with a high ionlzation Qensity (a-particles, protons,
etc.). Reactlion 1 in this case willl be decisive although reactions
2 and 3 will also develop; in the case under consideration the oxygen
effect and chemical protection by antloxidants should be absent. At
smaller lonization densities reactlion 1 can cause partial destruction,
but during reactions 2 and 3 only the cells remalning after reaction
1 can perish. At very low lonizatlion densities, reactions 1 and 2

will produce very low ylelds and reaction 3 will be decisive,

Substrates of Initial Reactlions

Many investigations are devoted to a study of radlochemlcal
reactions in individual components of cells and tissues. They were
conducted on nuclelc aclds owing to the importance of these com-
pounds In biologlcal processes and in hereditary mechanisms, on

different proteins, lipids, hydrocarbons and enzyme systems in tests
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in vitro. These investligations show that in varlous cell components
the most diverse reactions can occur (polymerizationranq‘dgpo}ympr;-
zation in nuclelc acids in proteins, denaturation, oxidation, and
reduction), These investigatiohs glve an 1dea about tﬁé‘bdgélgii:m-
itles for developing chemical converslons in blosubstrates under the
action of radiation. Unfortunately, among these lnvestigatlons are
very fe. “n which the kinetics of these reactlions were studied rela-
tive to the kinetlc parameters and conditions actually exlisting in
the cells., In many cases the course of the reactions was examined
under conditions in which indirect action through the products of

the radiolysis of water was accomplished. For instance, the study

of the radlochemlcal reactions in the aforementioned substances was
carried out with great dilutions 1n aqueous solutions, and as tests
on solutlons of enzymes and nucleotides indicated, the lnactivation
dose was reduced, These tests, howevér, do not explaln the causes

of hlgh sensitivity of most organisms. These results were obtalned
under conditlons hot exlsting in cells when lndirect action was
disregarded.

Numerous blochemical lnvestigatlions have been devoted to a study
of the changes in biochemical components in radiation damage; it was
not possible, however, to demonstrate the initial radlochemical reac-
tions., Among the changes detected during development of radiation
damage, 1t 1s impossible to differentlate the initial phenomenon from
the secondary even in early periods, Attempts to postulate some
selective effect ended in failure. The bilochemical methods were
insufficiently sensitive to show those insignificant initilal chemical
changes which occwr 1in 1rradiated cells, It is necessary to also

take into aceount that during the first moments of the development
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of 1nitlal reacticns, the secondary reactlons begih tb overlépiﬁﬁg@.
Many investigators did not take the bilochemical changes into account
during irredlatlion and use of superlethal doses. This test”sétup“'
1s purposeless, since the development of not only inltial but second-
ary reactions 1s accelerated., In addition, there are serious reasons
to assume that under large doses, not only quantitative hut qualita-
tive differences develop, Nevertheless, from data of the study of
radlochemical action in tests in vitro on irradiated organisms, by
an appropriate manner we can obtaln knowledge about the nature of
inlvial reactlions,

The earliest polnt of view based on blochemlcal determinations
was the theory of Neuberg who asserted that the fundamental sub-
stratum on which lonizating radlations have 1n effect are protelns,
since under thé effect of radiation the proteolytic enzymes are acti-
vated., This theory did not receive due development although there
was a grain of truth in 1t, and we should refer to certain of its
aspects, The basls for rejection of the theory was data whlch showed
that under the effect of lonizating radlation, proteolytic enzymes
are not more radiosensitivity than other enzymes systems in addition,
numerous Ilnvestlgations of protelns i1rradiated in vitro indicated
that they are highly resistant to lonlzing radiation. To coagulate
and denature proteins by ionlzing radiation, large doses are required,
and even with these doses the protein molecules prove very stable and
scarcely undergo decompogltion. Numerous attempts to detect in
irradiated cells of varlous organisms, changes which could be con-
sidered as denaturation were not successful, even with large doses.

Lately, however, investigations have appeared which allow us to

assume that the reaction of proteolysis, which is characteristic for
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the development of autolytic processes, must play a role in the
initial processes. An increase of swelling of cells and their organ-
olds, as was noted, 1s a very early physicochemical indication of
radlation leslion when cells are irradiated even with small doses.
Soon after lrradlation we can observe an insignificant increase in
cell volume (erythrocytes) in rats, mice, and rabbits [10]. The size
of the nucleus in the cells of beansprouts soon after irradiation

begins to increase, and after 40-45 hours its diameter is twice that

of the nucleus of unirradiated cells.

causing an lncrease of hydrophllism, Usually the increase of hydro-
philism in different pathologlcal processes 1s due to depolymerization
of protein, the baslc component of protoplasm.

On studylng the elesctrical conductivity of rat organs after
irradiation 1t was detected at varioué times [17], that the funda-
mental electrical.parameters (capacitance, resistance) and frequency
response, which are very good indlcators of preservation of blolog-
lcal structures and cell death, retain normal values long after
irradiation, 1.e., during the incubation period no noticeable lesion
of the baslc cellular structures occur. If even at early stages,
howéver, organs that are normal 1n all respects are held for several
hours in the incubator at 40°C, then the differences between organs
of unirradiated and lrradiated animals is immediately detected,
Changes of conductivity (decrease of the resistance and capacitance),
characterizing the process of cellular decomposition, occur con-
8lderably quicker than in tissues of wnirradiated animals as a result
the development of autolytic processes in tissues of irradiated

animals., When determining the increase of free nitrogen in such
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tissues, 1.e., a direct determination of autolysis, Yu. B, Kuerygshpe
and V., V. Lamsadze [18] showed that apparently completely normal
liver tissues of irradiated rats and autolized considerally faster
than tissues of control unirradiated rats. With respect to the
increase of free nitrogen in blood of rats y-irradiated, on incuba-
tion fof several hours the autolytic process actively develops which
leads to complete autolysis of blood within 8 hours [19, 20]. No
indicatlons of autolysls are observed in blood of ‘unirradiated ani-
mals durlng this time. The effect of increasing autolytic processes
in blood of 1fradiated animals gnpears at very early periods (20
minutes after irradliation in a dose of 600 r), and it can be detected
under doses considerably lower than lethal [21].

Very Interesting data were obtailned by V. N. Benevolenskiy [22,
23] who studied  the breakdown of liver extract from normal rats sub-
Jected to thermal denaturation under the effect of native extracts
of liver from irradiated animals at different perlods after irradia-
tion. The appearance under ﬁhe effect of these extracts of hemo-
lytlcally acting substances, which are a mixture of unsaturated fatty
aclds, served as the criterion for breakdown [1]. Extracts from a
normal rat liver do not cause breakdown or gppearance of hemolytics,
Extracts‘from the liver of lrradiated rats soon after irradiation
demonstraté an increased capacity to breakdown protein complexes
wlth fatty aclds, which in the free state are hemolytically very
active, This capacity increases with an increase in time after
irradiation [24].

Apparently a reaction socon develops during irradlation which

loosen the bonds of protein-lipld complexes, and thus leads to

breakdown of these complexes which are important in the construction
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of structural cell elements. The protein separated from the combléx o

becomes accessible to the effect of proteolytic enzymes (Fig. 15,
and 16) .

This assumption is conflrmed by investigations of the conduc-
tivity of blologleal tilssues [25, 26]. Change in conductivity, as
1s known, 18 a method by which we can obtain data on the condition
of the structwral elements in cells, The presence of electrical
polarization (capacitance) 1s assoclated with the presence of polar-
1zed structures, and these structures are constructed basically from
lipoprotein complexes., Destructlon of these structures 1s accom-
panied by a drop in capacltance and electrical polarization. In rat
liver, as was previously shown [26], very soon after irradiation the
electrical parameters decrease, l.e., a shift of the curve of the
loss maximum, on the basis of which we were able to conclude about
certaln decomposition of electropolar elements. In freshly prepared
homogenates of rat llver electropolar complexes are preserved for
several hours, as a result of which thelr capaclty to polarize an
electrical current 1s also preserved, and a dependence of electrical
conductivity on the frequency characteristic for living tissues 1s
observed [25], With the same measurements on liver homogenates of
rats irradiated in a dose of 800 r, the abllity of homogenates,
even in the cold, to retaln electrical propertles characteristic
for living cells dropped abruptly.

Homogenates prepared from rat liver 24 hours after irradiation
did not completely demonstrate the ability to polarize an electrical
current.

The process of autolysis occurred so rapidly that complete break-

down of the complexes forming the structures occurred during
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preparation of homogenates, Parallel with thils 1t was shbwn that in
the upper layer of centrifugates of the liver homogenate of unirrad-
lated animals there is a conslderable amount of protein.along with
the lipids. Under these condltlons electropolarity was absent in
the upper layer of centrifugates of liver homogenates of irradiated
animals; protein was very low, and all of 1t was found in the pre-~
cipitate.

Many Iinvestlgators noted indications of autoiysis in different
irradlated cells and organisms, Therefore, an autolytic reaction

leadling to complete decomposlition of protelns deserves particu

pﬂ

o~

attentlion as a reactlion connected with 1lnitlal processes,.

The process of autolysls 1ls characterized usually as actlvation
of proteolytic enzymes, however, the mechanism of thls activatlion 1s
not clear, Under conditions of radiation lesion, 1t clearly develops
after decomposition of the lipoprotein complexes, Thils total pro-
cess, as 1s known, 1s actlvated by all factors inhiblting oxidation
processes, Autolysis 1s actlvated in cells and organs when the
concentration of oxygen and the effect of antloxidants 1s reduced.
Good actlvators of the autolytic process are compounds containing
sulfhydrl groups (cysteine and glutathione). The process of autol-
ysis 18 clearly opposlte to oxldation., Thls 1s the chaln of hydro-
lytic reactions leading to decomposition of protein and lipoprotein
complexes, In normal cells thls process 1s clearly delayed. It
develops only at a very low level, An organism apparently has sub-
stances which under normal condition retard the development of this
process, It was previously establlshed that blood, in 1ts protein
fraction (globulin), has guch substances which retard the development

of gutolysls. The behavior of these substances in animal blood (rats)
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when irradiated was studled by R, Xh. Mkartychyan [20]. As he'pq;nted
out, the blood of irradiated animals very quickly after irradlation-
begins to lose the ability to maintain autolytic processes ln homo- .

genous organs,
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. Fig. 15, Change of activity of fermenta-
tive complex causing formatlon of homolysis
during radlation lesion,

The role of autolytlc processes as 1nitisl processges 1s empha-
sized by thé fact that compounds activating autolysis (cysteine,
glutathione) when administered to animals after the direct event
of irradiation impailr their condition and increase mortality [27,
28]. The characteristic of protective agents, however, to have an

activating effect on this reaction only after irradiation indicates
that this reactlion 1s not the first link 1n the chain of inltlal

reactions,
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Fig, 16. Change of activity of fermenta-
tive complex causing formation of hemolysis
ggiéggsautolysis of liver of unirradiated
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As was indlcated earlier, oxldizing reactions are induced under
the effect of radiation in blochemical cell components, Among the
substrates most unstable to oxldation are lipids. Fats posseés a
very high oxidation-reductlion and negative potential. In them,
particularly under the effect of irradiation and even without it,
oxldlzing reactions evolve and develop 1n the presence of alr, These
reactlons are induced by peroxlde radicals and thelr development by
the chain mechanism 1s provided by peroxides which are formed in the
Intermediate links and which ensure branching of chalns. The flnal
products of these reactions are unsaturated fatty acids [24, 28].

In the last decade much evlidence has been accumulated confirming
the formation of products of these transformations in cells. This
18 an indication that radlochemical reactlions develop 1n the cells
of irradiation organisms. By using hemolysls of erythrocytes to
demonstrate toxic products, it was established that in cells of the
liver, spleen, and other organs after lrradiatlon there was a con-
tinuous accumulatlion of agents homolytlcally acting erythrocytes [2].
These are unsaturated fatty acids., A characterlstic peculiarity of
the development of these toxic agents in contract to other blochemlcal
changes was that the lncrease 1n concentratlion of these substances
after irradlation occurs with self-acceleration (Fig. 17). The
appearance of the hemolytic agent was detected by other authors.
These unsaturated fatty aclds are ldentical to aclds possessing hemo-
lytic effects which are formed during the usual autolysis of tilssues
[29-31]. Although the formatlon of these fatty aclds can be detected
in different organisms, the llver is the most significant object,
since under treatment in the cold in the norm there are no unsatu-
;ated fatty acids in 1t. The appearance of fatty aclds in the liver

~
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cells of 1rradilated animals 1s obviously connected with those thread-
like formations which were detected in the homogenates of this/orgah
when they were examined under an electron microscope [29]. These
thread-like formatlons have a lipid nature. Thls was established by
their solubllity 1n organic solvents., Thelr thickness is equal to
50-90 A, length 500-800 A. The threads thicken as the aftereffect
process develops, by longitudinal cross-linking. Detection of 1lipid
peroxldes in butanol extracts from organs of irradiated animals 1s

a very 1nteresting fact, indicating that after 1rradlatlion oxidlzing
regcetions develop i1n blcellpids, slnce lipoperoxides are usually
intermedlate products of complex oxldizing reactions in lipids occurr-
ing by the chain mechanlsm, In llplds extracted from organs of
animals oxldatlon_ branched chain reactions are easily induced when
irradlated, Thue, by slow freezlng of normal dog liver and extrac-
tion in the cold in vacuo, 1t was posslble to obtaln an almost oxygen-
free butanol fraction. Under the effect of radiation a typical
branching chain-type reaction with a well-expressed incubatlon perlod
develops in this fraction at 40°C for 15-18 days. The final products
of this reaction were unsaturated fatty aclds. As was established,
these unsaturated acids have a hemolytic effect and by thelr actlon
they are l1ldentical to the hemolytic factors detected by A, S.
Mochalinaya in organs of irradiated animals. The intermediate pro-
ducts are peroxides identical to those detected in the o.gans of
animals after irradiation, Thelr quantity at the beginning slowly
increases, then rapidly reached maximum, and agaln decreased in
accordance with the kinetics of the formation of intermedlate com-
pounds in chaln branching reactions. We studied the effect of dif-

ferent prophylactic substances on the kinetics of this reaction in
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l1ipids of liver, sunflower oll, and pure oleic acid. It was shown

that all the prophylactlc substances are inhibitors of this reactlon,
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Flg. 17. Hemolytlc activity for liver of
irradiated rats (dose 1000r): 1) destruc-
tion of animals; 2) hemolysis.,

When cod-llver oll is y-irradiated in vitro in the presence of
alr, a typlcal oxldation chain reaction with branching chains occurs
for a day forms [32, 33]. The products of this reaction, fatty
aclds, heve alhemolytic effect. Under the effect of y-radiation on
lipid (squalene), peroxlde compounds develop. The high ionle ylelds
allowed us to conclude that the chain reaction in this case 1s induced
by radiation. The short investigative perlod did not allow us to
completely elicit the klnetics of this reaction or to establlish what
product was the detected peroxldes, intermediate or end.

In many liplds chailn branching reactlions form spontaneously in
the alr, but they develop very slowly. Under the effect of lonizing
radiations the development of these reactions 1s greatly accelerated
(for instance, in butter), Of interest are the data in which the
active products of oxidation reactions in the 1liplds of organlsms

were detected after irradiation and their change in time after irrad-
lation was indicated,
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Upon a change in the number of lipoperoxides after irradia-
tion, the nature of thls accumulatlion in rat liver 1s the samé as
in tests in vitro, and its kinetics resemble those of the accumula-
tlon of intermedlate products in chaln branching reactlions. In the
liver of rats lmmedlately after»irradiation with a dose of 1,000 r,
there 18 an increase 1n the amount of lipoperoxide compounds, and
their amount declines on introducing 2-mercaptoethylamlne. A sim-
ilar increase 1n lipopercxldes was detected 1n varlous rat organs
after irradlation wilth a dogse of 1,000 r. Such a reduction in the
number of peroxides was obaerved under very large doses (20,000 r).
This indlcates that the optimum doses for the development of thls
type of process corresponds to small lethal doses,

To determine peroxides, a reaction for reducing ilodine, titanium
and tin 1s used. A very rellable investigation of the change 1n the
amount of peroxldes in rat liver during the entire perlod of radia-
tion lesion under lethal and sublethal doses showed [34] that the
kineticse for peroxlde accumulations liver 1lipids corresponds to those
of the accumulation of intermediate products in chain branching reac-
tions (¥ig. 18). Immediately after irradiation the peroxide level
becomes higher. Subsequent increase of peroxides after two days 1s
observed only under absolutely lethsal doses; with sublethal doses,
the peroxide level begins to fall after an lnitlal rlse. These data
over a wide dose range (200-10,000 r) indicate at least two chain
reactions with different time parameters developlng obviously 1n
different 1ipid components,

The presence of peroxlides in animel fats when i1rradiating with
a dose of 1,000 r was previously detected by Ts. Bak.
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Lipoperoxides were detected 1n animal tissues by a reactibn'with
thiobarbituric acid. This method for determining is not direct,
since thlobarblturlc acid does not react with organic peroxides, but
reveals oxldlzed products of unzaturated fatty aclds (aldehydes and
ketones). Therefore, it was 2 positive thiocbarbituric reaction in
homogenates of irradlated animals that was detected only after long
incubation,

The presence of lipoperoxldes developlng after irradiation in
organisms and thelr ldentity with lipoperoxides forming on oxidation
and radlation oxldation 1in vitro, as well as the kinetlc character-
istics of 1lipid oxldatlion allow us to conclude that in living organ-
isms one of the most important initial reactions 1s the oxldlzing
chain reaction with branching chalins induced by radiation. The var-
lous lipids composing cells belong to readlly oxldlzed substances,
Nevertheless, the main structural elements of cells are constructed
from them., As was 1lndicated, liplds 1n cells and particularly struc-
tural lipids were protected from oxlidatlon by antloxidants whilch by
binding the intermediate products of simultaneous chaln reactions,
inhibit thelr development. The presence of the latter is easy to
detect by 1ts capaclty to greatly inhibit the oxldatlon reactions
developing in tests in vitro. The addition of ether and alcohol
extracts from different animal organs to oxidlzed olelc acild in gir
retards its oxidation., We can Judge the amount of antloxidants by
the degree of retardation, According to A, I. Zhuravlev, antioxi-
dants are contalned in all animal organs [35-37]. Especially rich in
them are lipids of braln tlissue. They reduced the radlosensitivity
of 1lilpid formations in cells in general to lonizing radlations, act

as a buffer, and bind the radiation-induced radicals and peroxides.
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This, however, the antloxldants are consumed and theif amount
decreases, If the uptake of antioxldants from without does not com-
pensate thelr consumption, the oxidation reaction in the presence of - -
an antloxldant cannot be retar@ed at a normal steady-state level,

and 1ts rate begins to increase, As was noted, to transfer the
reaction from a steady-state to a nonsteady-state condition in which
1ts self-acceleration hegins, 1t suffices to reduce the amount of
antloxidant by only several per cents. A study of the kinetics of
the accumulation of lipoperoxides 1n irradiated rat liver established
[39] that simultaneously with an increase in the amount of peroxides
and the transition of the reaction to a nonsteady-state condition,
the amount of antloxldants continuously decreases, thus leading to

death of animals (Fig. 19). Under nonlethal doses, restoration of

the antioxldant 18 observed after a certaln decrease. A postirradia-

tion decrease 1in the amount of antioxldants during development of

the aftereffect reactlon was observed by A, I, Zhuravlev on rats

and mlce,

o
-

-7

- Number of percxides (10 mole/g
3

3

b3

k\
~N

wese N
A

- =] Sl oolieploply yhgiontrel et
g FE 3 5

7
Time after irrediation (days)
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Very interesting data on the development of the oxldatlion reac-
tion in 1lipids of organs of living_animals have been obﬁaihed by
studying the superweak chemoluminescence of the liver of iifé.rats
[38]. Using a highly sensitive photomultiplier in-quanti-metric con-
ditions with deep freezing of the liver, it was disclosed that the
liver of animals and other organs emit a superweak radiation in the
visible range of the spectrum (blue-green of the crder of 10-100
quanta/sec (J.O"13 erg/sec, X cm?). Radiation was recorded in lapa-
rotomized animals. Ansalysis of different oxidation systems and frac-
tionatlion of homogenates of liver showed that radlation develops in
lipid fractions of cells when they are oxidized, As 1s known, chemo-
luminescence develops only during oxidation reactlions, chlefly dur-
ing reactions of cbain oxldation, and during recombinatlion of active
radicals., Maximum scintillation (ractically 100%) is attained on
interaction of antioxidants with the intermediate products of the

oxidlzing reactions. The natural antloxidants inactivate free radi-

cals and inhibit the reaction

R+ AH-» PH + A*> PH + A+ + hvj
POO°* + AH— POOH + A* — POOH + A* 4+ hv,

Under normal conditions this reaction occurs, but very slowly,
and at a constant steady-state level, For steady-state equilibrium
1t is necessary to maintain the conditions of Prigozhinis equations
The Flow of Negative Entropy (the uptake of antloxidants and lipids
into the structural elements of cells) should be equal to the flow
of positive Entropy, which i1s approximately equal to the scintilla-~
tion energy.

A simllar steady-state condition exists in the norm, protecting
the 1ipid compounds important for the 1life of the cells from
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destruction, After irradlation the scintillation intensity for liver
is increased, for a certain time stays at this lncreased level, and
toward the sixth-seventh day after irradiation (dose 700 r, rats)
significantly increases, This lndicates that steady-state equlilibrium
shifts, and the number of radlicals 1n the 1lipid systems continuously
increases, Since In these conditlions the flow of antioxlidants from
without cannot fulflll the deficlency of the antloxidant, the reac-
tion begins to accelerate, The curves of radlation increase and
accumulatlion of lipoperoxides colncide in time, In addition, these
data agree wlth data obtalned by A. I. Zhuravlev after studylng the
content of antloxldants in the liver 1llpids of lrradiasted animals,
An increase in radiation dose is accompanied by a decrease in the
amount of antioxi@ants in 1lipids. Directly confirming the role of
radiochemlical oxldatlon reactlons in lipids are the data on the effect
of protectlive substances, As a rule, all prophylactlc substances
(antioxidants) inhibit the chain reaction and lipids in tests in
vitro, and this property 1s used for pretesting protectlive substances.
Many assumptlions were expressed concerning the participation of
nuclelc aclds and nucleoproteins in radiochemical inltial reactilons.
Under the effect of irradiation in vitro in aqueous solutlons
of these compounds, depolymerlzation phenomenona can develop. This
was confirmed in certaln investigations in vitro, in which it was
established that depolymerization also oceurs in tissues of irradi-
ated animals. The slgnificance of this reactlon in the lethal effect
is apparently not great. There are interesting studies which have
established the development of peroxide compounds of nucleotides,
At present, however, there i1s no information about the inductlion of

kinetics of these reactlons and thelr quantum ylelds. Apparently,
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such radiochemical oxidation reactlions can be induced in nucleotldes.
But the possibllity of the formation of nonoxidiéing reéétions ih_ 7
this subatate is of great interest.

Primary Toxins

Many Investigators have repeatedly hypothesized that durlng the
initial interactlion between radiations and bioclogical substrates,
toxlc substances develop In the cells which cause subgequent poison-
ing of organisms,

One of the basls for such an assumptlon was the analogy between
the development of leslons by certaln toxic substances and lonizing
radiations. It was noted that when diphtheria toxin was injected
into an organism, its damage suggested that of radlation: a long
incubation perlod is observed and the hemorrhagilc syndrome(capillary
fragility) vigorously develop. These signs are characteristic for
the development of lesions by other exotoxlns. Damege by mustard
gas and 1ts derivatives occurs with simllar characteristics., Mustard
gas, in addition, causes hereditary mutation and this increases the
similarity of 1ts effect with the effect of ilonizing radlations, All
thls gave grounds to combine the effect of these toxins with that of
X-rays and radium into one group of damaging agents, the so-called
protoplasmic toxins. Along with the simllarity between the effect
of different toxins and that of lonilzling radlatlons, however, there
are significant differences between them, The fact that the develop-
ment of lesion and certain symptoms under the effect of protoplasmic
toxins and radiations coincide is, of course, interesting. The toxic
effect can appear in the course of radiation injJury, but it still

does not indicate the exclusive role of toxins 1in lesloen.
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In radlation lesion and during its development at later period,
toxlic substances, products of cell dlsintegrating, appear in thé
blood and in other body fluids whilch, as a rule, accompany any acute
pathological process, but these toxlc substances cannot be consldered
the 1nitial tox'na of radlatlion leslon.

Many investigatlons were conducted whose purpose was to detect
the toxic products in radiation lesion [39-42]. The appearance of
toxlc substances was detected rather early. An hour éfter irradiation
in the dose 600-200 r leukotoxins appeared ln the blood of rats and
porpolises; when the blood of lrradiated animals was transfused Into
unlrradiated animals, we observed In the latter shifts in the leuko-
gram, Such toxlc substances, however, were briefly present in the
blood. After six_hours the leukocytes disappeared, although radla-
tlon leslon progressed, It was assumed that the toxic subatance
characteristic of radiatlion leslon is hilstamine. Histamlne-like
substances appear during the process sssociated wlth cell destruc-
tion. The dynamics of hlstamine polsoning, however, are clearly
different from the dynamlcs of radiation poisonlng. For instance,
there 1s no incubation perlod in histamine polsoning., Histamlnes,
of course, are also present in the organism durlng the development
of radlation leslon, but there are no grounds to conslder them
initial toxins, In a number of investigatbtions attempts were made
to detect the presence of toxic substancés in irradiation by trans-
fusing blood of irradlated animals into unirradiated animals. In a
number of cases they cross-circulation was performed., The obtained
results were rather contradictory. In some cases normal animals,
into which the blood was transfused from the irradlated animals,

demeonstrated certain symptoms of radlation lesions, for lnstance,
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alopeclia, In most of these cases, 1t was imposslble to detect any
characteristic toxlc effect of the irradiated ofganism‘oh therunir—r
radiated, [43]. It was noted, however, that the development of
damage 1n irradiated partners occurred much more easlly and their
1ife span was longer than that of the control animals that recelved
the same dose, Hence, washing-out of such products which appeared
In the organiasm under irradiatlion has a beneflclal effect on 1it.

Tests were conducted with separate irradiation Bf the nucleous
and protoplasm in ova [9]. The irradiated cytoplasm, on contacting
the unirradiated nucleus, affects 1t, and damage 1n the nucleus
indicatlons 1s noted which 18 of the same type as when the whose cell
1s 1lrradlated,

The exlstence such agents 1n the cells after lrradlation was
demonstrated by thé tests of A, N. Krontovskly, who showed that the
radlosensitivity decreases in cell cultures in vitro. If a chick
embryo ig Irradiated with doses causing death after seversl days,
and from this embryo take tlssue, wash it, and cultivate in 1t vitro,
then its development 1s completely normal, The existence of primary
toxins were confirmed by tests which demonstrated that cell radio-
sensitlivity increases when their concentration increases 1n cell
suspenslons., For lnstance, the radlosensitivity of erythrocytes
increases, and radiation hemolysis occurrs more easlly in them when
thelr suspensions are more concentrated.- On irradiating a colony of
algae the lethal dose depends on the density of the colony, and on
increasing the concentration, the dose 1s conalderably reduced, Water
in which protozoan are irradiasted acquires toxlc propertles, espec-
ially when abundarit organic substances exist in i1t. Irradlated

plants affect unirradlated plants when grown together 1n a single
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vessel or on a culture medium tobacco calluses and bean roots).

r msem e

Hence, in the development of radiation lesion, as in other patho- f
loglcal processes, toxle substances appear because of metabolic dis-
orders [44]. Among such substances, however, 1t was impossible to ’
detect any substance whlch, when introduced into the organism, would
cause a characteristic plecture of radiation lesion. Sometimes, 1t is
true, 1t was possible to induce individual symptoms of radiation
glckness, It 1s difficult to decide whether such substances are
toxic, having formed as a resﬁlt of the development of initial reac-
tions, or are secondary products of decomposition. The secondary
effect is more probable 1n most cases, Among the products of initilial
reactlions, however, there are substances which clearly have toxle
properties,
Generally, the toxlc substances are compounds having chemlcal
activity wlth respect to the blochemlcal components of cells, There-
fore, the compounds whlch are intermediate substances 1in complex
reactlions will have a toxic function in the primary reactions, Com- '
rounds which are end products of converslons can be such substances.
A number of Investlgators have detected lipoperoxides in irradl-
ated organisms, As was already noted, peroxides are products of
initial reactions [40]. Therefore it was hypothesized that the
detected llpoperoxldes are initlial toxins, Some Investlgators
attempted to prove this by testing on organisms the toxlec effect of
lipid substrates, whose peroxide concentration was lncreased by
irradiation, Thils, for lnstance, was done wilth squalene, Lipo-
peroxider, as has been repeatedly demonstrated on the basls of the
kinetics of thelr accumulation, are intermediate products in the

oxldizing chaln reactlons developing in liplds., At the same time
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end products are accumulated — mainly unsaturated and saturated fatty
aclds and their further decomposltion products. The toxie'effect 1$
apparently produced by the unsaturated fatty aclds. The intermedlate
products of chaln reactlons (peroxldes) ensure development of the - -
reaction and its branching., The lntroduction of addltlonal peroxides
into the oxidation reaction, of course, accelerates it. And since
the oxidatlon reaction of lipids develops in the organism in a steady-
state at a very low level, the peroxides should accelérauait, shift 1t
from a steady state, and thus accelerate the processes of destruction.
When we speak about lnltlal toxins, it ls assumed that 1ln some event
they appear, causing a new reaction qualitatively different from
those 1n which they are formed. Peroxldes are nevertheless neces-
sary as a partlcipant in the initial reaction of chaln oxldation
induced in the 1nitlal converslon of radlant energy chemical energy.
They are formed and expended only for the development of this reac-
tion., The removal of these peroxldes from the fundamental reaction
wlll weaken 1t and cause attenuation., At the same time the 1inltlal
reaction 1s a toxlc process, and we can speak about the toxlc effect
of peroxldes only as a possibility of the quantitative increase of
chains,

There are grounds to assume that end products of inltial reac-
tlions can have a toxic effect. When vegetable olls are injected
into mice, maximum toxlcity 1is demonstrated when the oxldation reac-
tion ls retarded and the number of peroxides, as 18 known, decreases,
whereas the number of end products reaches a maximum, Unsaturated

fatty aclds, the end products of chaln oxidation of lipids, are toxic
substances,
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To take Into account the possibllity of a secondary toxic‘effect
during the development of initlal reactions of rédiaﬁion 1esion;'the
toxic effect of different products forming during chain oxidation of
olelc acid, a basic component of lipids was studied in detall [39,
40]. Oxidized olelc acid has a secondary toxic effect. The greatest
toxic effect 18 rendered by the end products, the products of oxlda-
tion (aldehydes and ketones), which can no longer induce the oxida-
tion reaction 1n liplids and destroy other substrates, inducing them
a different reaction. These oxlidatlon products can enhance the
processes of autolysls and this obviously is very important, since
the process of autolysls is one of the most important links in the
chaln of inltial reactlons of radiation lesion. Aldehydes, ketones,
and unsaturated fatty aclds when introduced into an organism produced
certain symptoms similar to those of radiation lesion. For instance,
the change in the blood when poilscned by end products of oxidation
converslong 1n 1ipids is simlilar to the change in the blood under
irradlation., The cause of death of anlimals in this case 1s hemorrhage.
The effect of these products was studled on two races of yeast —
haplold and diploid. The diplold race, more resistant to irradlatvion,
proved more reslstant to the effect of oxidation products of lipids.
The radlosensitivity of the haplold race 1s considerably higher. The
haplold 1s more sensitive to lipotoxlic compounds. Here the nature
of the dose-death dependence 1s the same as in radiant.energy. For
the haplold this dependence 1a described by an exponential curve,
for the diplold, by a sigmoid,

The questlon of the role of toxins formed during development of

inltial reactflions 1s of interest for understanding the mechanisms of

the Incidence of radlation-induced mutations. As is known, numerous
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chemical substances exlst whlch when introduced into the organism
produce and activate mutation process. At one time the mutagenic _
effect was ascribed to hydrogen peroxide., Studled appeared in ﬁhich
1t was confirmed that lower organisms produce numerous mutations
when hydrogen proxlde 1s introduced into the culture medium, This
point of view, however, proved inconslstant. More tangible 1s the
possibllity of the manifestatlion of a mubtagenic effect by decomposi-
tlon products of organlc molecules, originating duriﬁg initial radilo-
chemical reactions in various biochemical cell substrates [45-49].

The mutation process during irradlation as a whole explicitly
depends on the development of reactlons of a chemlcal and even chain
nature., It 1s difflcult to assume that such reactions could develop
on some substrate where the genetlc information is fixed forced.
This would have ts be accompanied by two great a rearrangement in
the organism. The dependence of the yleld of mutations on tempera-
ture and effect of protective agents 1s most probably connected with
the development of initial reactlon, During these reactlions active
mutagenic substances are formed, and each delay in the development
of these inltilal reactions or their acceleration 1s reflected on the
yleld of mutagenlc substances, Certaln of these substances are
clearly formed under radiation oxidation of liplds, It 1s known,
for instances, that actlive mutagenic substances lnclude the so-called
epoxides, These products are obtalned on oxidatlon of hydrocarbons
and fats by hydroperoxlides, wherein the characterlstic bond CH-CH 1is
formed, Such substances are formed during lrradiation oxidatlion of
olelc aclds., In addltion, the end products of 1lipld destruction,
are aldehydes and ketones, These products also have a mutagenic

effect. Thelr appearance was observed not only in tests 1n vitro,
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but in lipids of rat liver in radiation sickness. Unconditionally,
the question of the role of toxle substances formed during initial
radlochemical processes in irradlated cells 1s very urgent. The
appearance of radlomimetic substances was assoclated, apparently, with
many manifestatlions of radiatlion lesion. Among these toxlc agents

a major role was played by the products of oxldation chaln reactions
in lipids induced by radlation. As was already noted, in initial

mechanlsms the most important role belongs to autolytlc processes in

which destruction of proteins occurs. These processes are antagonis-

tic to oxldation processes and are activated by antioxidants., It is
very probable that the incorporation of autolytlc processes at early
stages occurs under the effect of the toxlc decomposition products

of lipids which actlivate this process.
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RADIOSENSITIVITY

Radlosensitivity 1s determined basically by the conditions for
the development of in;tial reactions, Where, by virtue of physico-
chemical conditions, these reactions develop with a high quantum
yileld, the radiosenslitivity 1s higher,

As was already noted, the baslc lnitial reactlions which are
significant in the development of radlatlion damage ape not reactions
fundamentally new for the cell [1, 2]. These reactlons destroy the
cellular structures, developling at a very low rate, since in a steady-
state they are suppressed by inhiblting substances present in the
organism [3]. Under the effect of lonizing radiations, these reac-
tions are activated, theilr steady-state 1s disrupted, and they begiln
to develop with self-acceleratlon. Therefore, radlosensitivity is
assoclated with the reactivity of different blochemical components
of cells, thelr stabllity, and the propertles of natural inhibiltor-
antloxldants, antlautolytics, which stabillze the structural elements
and protect them from destruction under natural condltlons and under
the effect of ionizing radliation, by inhiblting the development of
radiochemical reactlons [4,8-12].

In plant cells the role of radlation protection 1s performed by
plant pigments — chlorophyll, carotene, and others, Plgmented plant
cells as a rule have a sensitivity many times lower than ronpigmented
cells, Photosynthesls of leaves 18 not dlsturbed even under large
doses of ionizing radiations.[5-7]. At the same time, nonpigmented
cells of rootlets have a rather high radiosensitivity (LD50 = 180 r).

Plant plgments can react with peroxide radicals and peroxides,

both organic and inorganic. Thelr oxidatlon-reduction potential is
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more negatlive than most blochemical compounds making up the cells,
therefore, they react more energetically than other compounds, for

instance lipilds, with the intermedlate active products of oxldation

chain reactions and inhibit them [4]. Thus they are natural protec-

tlve substances, Caroteinolds 1s a much stronger protectlve sub-
stance than chlorophyll (1ts oxldation-reduction potential 1s more
negative than that of chlorophyll), therefore their presence protects
chlorophyll both from oxidation under normal conditlohs of photosyn-
thesis and under the effect_of lonizing radiatlons.

On studying the kinetics of radlation oxidation of oleic acid,
1t was shown that the addition of chlorophyll retards the oxidation
reaction by 10-12 times, and the amcunt of peroxides 1ls correspond-
ingly reduced {2]; here chlorophyll has a weak chemoluminescence in
the red reglon of-the spectrum, Carotene has a stronger effect,
whlle the plgments themselves are oxldized,

In many lower organisms low radlosensitivity is determined by
the presence of caroteinoids. Radiosensitivity of varlous races of
bacteria Sarcin was connected with the presence of carotene in them,
Carotene-contalning races are very resistant lonlzing radiations,
and for some of them the semilethal dose reaches 106 r, The races
having no carotene have a high radiosensitivity [8].

In cells of living organisms a significant role in thelr radlo-
sensitivity 1s played by natural antloxldants, particularly by lipilds
which protect the structural tissue elements from oxlidation. Espec-
i2lly important among them are tocopherol, vitamin E, and others,

As a rule ether and alcohol extracts from animal organs when intro-
duced into olelc acld oxidizing in alr and other 1lipids, retard

this oxidation [4]. The greatest amount of antloxidants 1s contalned
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in lipid extracts of liver and braln tissue; extracts from these

organs are more active than those from muscles and connective tissﬁés
(11, 12]. |

It was noted that after preliminary nonlethal irradiatlon the
radloresistance of hlgher animals, mlce, and rats increases by several
per cents (10-20). After y-irradiation in a dose of 200 r the
amount of antioxidants and lipids of rat liver drops by 10-15%, how-
ever after this the number of antioxidants 1s restored for several
days, and then increases, and after 10 or more days the general level
of antioxldants and llplds becomes higher than before lrradiation
[9]. This 1s, of course, a blologlcal adaptation reaction.

The radiosensitivity of organisms ls determined by other systems
inhiblting the formatlion of spontaneous destructive reactions. The
natural substances inhibiting autolysais are very important, Actlva-
tlon of autolytic reactlons, as was already noted, 1s very lmportant
in the inltial mechanlsms of radiation injury. In blood there 1s
a substance bound wlth the globulin fractlon which retards the develop-
ment of autolysis. As has been demonstrated in tests on rats, the -
amount of this antlautolytlc 1n blood decreases after lrradlation,

In addition to inhiblting systems, 1nterceptors of peroxildes,
and radicals, the radlosensitivity of organisms determines the
removal of active peroxides and radlcals to the external medium, We
must take into account that organilc peroxides and radicals forming
under lrradlation obvlously have a comparatively long lifetlme,
measured in several seconds, with a large surface and small cell
concentration. The toxiec end products of the reaction, can diffuse
from the cells into the medium. This factor is lmportant for lower

bacterial suspensions and cellular sugpensions and less lmportant
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for the dense packing of cells in organs of higher multicellular
organisms, This 1s confirmed by evidence that the radlosensitivity
of cellular suspensions (erythrocytes, bacteria, protozoarg depend
on density of thelr suspensions, The radiosensitivity, for 1nstance
of erythrocytes, to the hemolytic reaction greatly increases when
thelr concentration 1is decreased. On changing the concentration from
0.1 to 1%, the radiosensitivity increases 2-3 times. Liquids, in
which cells are suspended, after lrradiatlon acqulre a toxicity
which 1s greater, the thicker the suspension. One of the most
important factors on which the development and rate of 1lnitlal reac-
tions depends 1s the general level of metabolic reactions. Radio-
sensitlvity increases with an increase in the rate 6f metabollic
reactions., As is known, radiosenslitivity of higher animals is lowered
when they are in hibernation (marmots, bats) [10].

It is assumed that the radiosensitivity of higher cold-blooded
anlmals 1s lower than warm-blooded anlmals, These data, however,
are inaccurate. The radiocsensitivity of cold-blocoded animals
increases with an increase of the temperature, and can attaln values
characterlstic for warm-blooded anlmals., We cannot examine the
increase of the radiosensitivity exclusively as an lncrease of meta-
bolic reactions. Intensive metabolic reactlons producing active
intermedlate products facllitate the development of initial reac-
tlons induced by irradiation. It 1s well known that the toxle effect
of different toxins, especlally protoplasmic, to which the radlo-
mimetlc substances are related, sharply increases wlth an increase
of metabollism, However, retake the increase in radlosensltivity
with rise of temperature cannot wholly be due to an increase of

metabolism. In this case the dependence 1s more complex. We need

-120-



take into consideration that the radlochemical reactions induced by
radiation in the hiochemical components of tissues and cells have
very high temperature coefficlents.

The hlghest temperature coefflclents are those of -chaln reactlons
ddveloping in the lipids by the mechanism of branching reactlons.

The magnlitude of the temperature coefficient 1n thils case attalns

4-9 in the temperature range of 20-40°C., This shows that on increas-
ing the temperature of an lrradlated organism from lo.to 350C¢, the
Intensity of the initlal reactions can be almost doubled,

Besldes the general radlosensitivity of organlsms on the whole,
we can note the radiosensitivity of separate cell organcids and
separate functlons, Lately, much interest has been railsed by the
question of the radlosensitivity wlth respect to the yield of hered-
ltary mutations induced by 1lonizlng radlatlons, In the light of new
investigations we must abandon the formal concept that this phenome-
non is connected with a one-state destruction of genetic information
in nuclic aclds and as a result of the impingement of energy quantum
upon the appropriate site of the gene under direct irradlation. As
a consequence of such an understanding, the concept arose of the
independence of genetlc mutations on environmental condiftions and
physlcochemlical agents.

Investigations have appeared, however, which showed that muta-
genlc changes occur as a result of the development of processes after
the direct event of lrradlation, which clearly have the dimenslon-
allty of chemlcal reactions, Mutation radiosensitivity depends on
the development of the aftereffect reaction. It 1s also assoclated
with radlation-induction of oxidative radiochemical reactions develop-

ing by the mechanism of the chain branching process [13-17]. For
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instance, it 18 characteristic that the incldence of chromosome aber-
rations in cells of splderwort decreases wlth oxygen concentratlon.
The curve for the dependence of oxygen pressure on incildence of
aberrations has the same threshold characteristlc as curves obtalned
for the survival of organisms. Thls dependence, as already polnted
out, 1s characteristic for oxidative chain branching reaction

(Fig. 20). Similar investigations conducted on fruit flies showed
that 1lrradlation of juvenlle instars in nitrogen and an atmosphere

CO decreases the number of mutants. Thils protectlve effect 1s mani-

fested most strongly upon Irradiating lmmature sperms, spermatides,

and spermatocviea. Mntahility and Aavalanmand o8 mabo~-net o Zhongss

srevs b g e v waalsasiw W

in molds greatly decreases upon introduclng cysteine, a well-known
protective substance [14%, 15, 17]. In certain works 1t was estab-
Llshed that the number of mutations depends on the temperature under
which the frult flies are maintained after ilrradiation.

In cells of Ehrlichts ascites carcinoma, 1t was shown [13] that
the chromosomal damage both under irradiation in vivo and in cell
cultures depends on the oxygen pressure., A typical threshold curve
has been obtalned 1n the case under consideration. The protective
chemlcal substances reduce the mutagenic effect which, for instance,
was shown on the bean rootlets and corn [18]. The effect of radia-
tion on the translocation of chromoscmes 1n nuclei 1s attenuated 1f
during irradiation the roots are placed in solutions of protective
substances, antioxidants [19]. All this shows that mutagenic radio-
sengltivity was related wilth the occurrence of radiochemical oxlda-
tion reactions developing in time after lrradlation. The effect of
these initial reactions on the mutagenic effect was probably indi-

rect, 1.e,, the destructlion of hereditary information occurs as a
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result of the formation of toxic products possessing a radipmimetic
effect, Radlosensitivity of organisms is evaluated iﬁA&i}féféhtrﬁéys.
Such a lack of coordination 1s because many investigators did not

at all take the time factor into account., Basically, destruction-of-
organisms by medium and small lethal doses depends on the development
of 1nltial reactlions of the autocatalytic and chain type in time
after the direct event of irradiation. During direct irradiation
only the inltiatlon of these reactlons cccurs, These reactlons
mainly develop during the aftereffect period (incubation period),
during which it 1s simply difficul% to detect them. The arbitrari-
ness vl caicuiabtlng organlsm aeath in time arter irradiation yieius
extensive deviations in the data on radlosensitivity.

Evaluation of radlosensitivity of higher animals is always con-
ducted wlth regard for the aftereffect whose duration 1s about 30
days.

In lower organisms this radlosensitivity 1s determined most often
without taking the tlme factor into conslderation during their slow
death after lrradiation,

At present 1t has been prowed that for different groups of
organisms, down %o protozoans and microbes the aftereffect 1s char-
acteristic, For instance, the semlilethal dose for mollusks, when
calculating thelr death soon after irradlation, 1s equal to 105 r,
however, 1f this dose 1s taken 1nto,accéunt for death 2-3 months
postirradlistion it will he equal to 103 r, 1l,e., 1t will be very
close to the lethal dose for higher animals [1].

As many investigators showed, the presence of the aftereffect

reaction was detected in many protozoans (yeast, infusoria, viruses).
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The conditionality, however, in determining radlosensitivisy
was assoclated not only with an underestimate of the time factob.
Initiation (formation) of initial reactions during irradiation and
the subsequent kinetlcs of development of 1lnitlal reactions depend
on the conditions and regime of irradlation. As was already polnted
out, the formation of chaln reactlons and their development at the
first stages are defined by statlstical principles, especlally when
the amount of energy 1s small, as ls observed under the effect of
radlations on biologlcal objects.

The formation of chaln reactions 1s determined by the probabllity
that, with a given ionizing event sufficiently active radlcals will
form 1n some bilosubstrate, which can be reaction centers. This prob-
ability 1s small and far from all lonlzation events will be reactlion
centers., When the reactlion has started and the chain has developed,
there 18 always the probabllity that this chain will be broken,
forming a small number of links.

The dependence of survival and death 1n each cell 1s determined
by the probabllity that in a glven volume during the formation of
lonizing events, a reaction will begin and thils reactlion willl develop
to such a volume (number) of 1links that during an lrreverslble change
will occur in the cellular structures and normal function will
become impossible,

The probabllity of formlng a reaction and 1ts continuation, of
course, will depend on the concentration of radicals. On lncreasing
the lonlzatlon density, the concentration of radicals increases and
the probabillty of the development of chalns increases, therefore

radlations with a high linear lonization density are more effective

and the radiosensltivity of organlsms is hilgher.
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A factor playlng a major role in determining radlosensitivity
1s the capacity of cells for "repair." Repair, a decrease in r‘é.,é_i’iq-
sensitivlity, occurs when, for lnstance, the dose of irradilation glven
1s not continuous, but fractional, with time 1ntervals between-sep-
arate portions cof radiation. To produce an effect which is attailned
for the same dose glven contlnuously, 1t 1s necessary to increase
the integral dose. 1In fractlonal irradiation the dose, so to speak,
partially dlsappear and 1is not summed. The longer the lnterval
between 1rradlations, the more 1t 1s necessary to increase the inte-
gral dose, This 1is hecause during these 1lntervals, radlation-induced
damage 13 repaired, For instance, a piven semilevnal dose on mice
completely dilsappears 1f the second half of it is given after 7-8
days, i.e., complete repalr will occur in this time interval [22].

Repalr also éxplains the declline in damage when, after irradlia-
tion, the lower organlsms are transferred to conditlons where the
metabolism 1s attenuated by cutting off food or by lowering the tem-
perature [20].

To apply the term "repair" to these phenomenon 1s incorrect.
During irradlation or immedlately after 1t with normal low lethal
doses, no disturbances can be recorded, And 1f they are, they are
80 insignificant that they do not have any effect on the vital activ-
ity of cells., The phenomenon of repalr indicates not the repair of
damages that have occurred, but the fact that under fractional 1rra-
dlation or decline In metabollsm the aftereffects are attenuated and
this damage does not develop after a certain time interval, This 1s

not repair but retardation (inhibition) of reactions developing
during the aftereffects,
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As was previously 1ndicated, in the formatlon and development
of complex reactlons, especlally of the chaln type, or at early stages,
a major role 1s played by statistical principles. The probability
of the formation and development of reaction B depends on the amount
and the reactlvity of radlcals and ions of peroxides, which are inter-
mediate substances (promoters) of the reaction, and on their coef-
ficlent of regeneration and multiplication during its development.
The probabllity of terminatlng reaction 1 - B depends on the extent
of damage to the active intermediate reactions owlng to their recom-
bination with extraneous substances not particlpating in the process
and thelr drift from the reaction zone, Lr p > 1 - B, the reaction
will develop with acdeleration, 1f p = 1 - B the reaction, for
instance, oxildatlon in the presence of antioxidants, will occur at
a constant rate, and if B < 1 - B 1t will die out. This 1s the pro-
cess whlch 1ls called repair.

Conditions under whilch recombinatlon of radicals, ions, and
peroxides of toxlec substances wlll be decreased or these condltions
wlll promote thelr diffuslon drift from the reaction zone will
increase the probabllity 1 - B for terminating and attenuating the
intensity of development of the initial reactions, and thus attenuate
the extent of damage and reduce radlosensitivity.

The temperature 1s one of these factors., A dropln temperature
lowers the reactivity, lengthens the lifespan of active 1?termediate
reaction products, but has an insignificant effect on the diffusion
rate, Thus, the possibllity of diffusion drift of the active pro-
ducts from the reactlion zone 1s increased. In a number of cases, &
drop in temﬁerature after irradiation reduces radiosensitivity for a

while, attenuating subsequent development of aftereffects both in
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higher, and in lower organisms, There are, however, exceptlions which
indicate that actlve products are stably bound wlth phe,sqbg@ggﬁe:;;
where the reactlon occurs., A second actlve factor réducing injuny

is the decline in metabollsm, obtalned by lowering the temperature
and cutting off the food supply. 3Such a reducticn of radiosensitivity
has been detected on transferring irradlated yeast cells to a non;
nutrient medium [20]. This 1s completely understandable. Their
inoculation on a non-nutrient medium stops reproduction and growth,
i1.e., the processes durlng which radlcals and peroxides are formed

in cells Iincreasing thelr general balance in the cells, and ald the
devolopmont of initial reaction. Hence, the probability of termina-
tion is inecreased, since the products of the reaction, for instance,
toxic products, enter into reaction with metabolic products and, not
belng partners, réact with other molecules or diffuse from cells [21].
In d1luted suspensions of yeast, recovery occurs considerably faster
than 1n pressed yeast; 1n the presence of oxygen 1t 1s more lntense
than when 1ts concentratlon 1s reduced., On increasing the tempera-
ture, this process is accelerated. The curves shown in Fig, 21
reflect the dle out of initlal reactions and decline in radlosensi-
tivity assoclated with them, Thig dile out is due to secondary chem-
ical reactlions, during which the peroxlde radicals and peroxides
which formed during initlal reactions, are consumed, The diffusion
processes obviously play a smaller role, In the case under con-
glderatlion, the curves obtalned at large doses when survival of
organisms 1is Iincreased, are indlcative, With smaller doses the
insignificant differences are because the limiting threshold (death-
life) 1s easily attained under both conditions. For this purpose

it is not necessary to postulate the presence of any other mechaniasms
[22] .
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To an equal extent retardation of the development of initial

reactions should ensue under fractlonal irradiation. The probabillity

of the development of reactions decreases with a general reduction

in the number of lnitisl centers. Therefore, discontinuation for a

certaln time of the external flow supplying the actilve initlal centers
in the initilal stages before attainment of the critical threshold,
after whilch the reactlion can develop spontaneously, creates conditions

for Increasing the probsbllity of termination.

Fractlonal irradiation is a special case of the general prin-

ciple: on extending the dose in time, 1.e,, a reduction in rate, the

effectiveness of the initilal activation_of chaln reactlons 1ls weakened,
slnce the steady-state concentratlon of active products 1s placed at

a lower level, It is this that determines the higher sensitivity to

radiations with a high ionization density.
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Conclusion

Data on the 1nltlal radiochemlcal reactlons occurring in the
blochemlcal substrates of cells are stlll very incomplete, Attempts
to reduce the inltlial reactions and mechanisms to a single-valued
solutlon (to attribute everything to some one factor) proved to be
inconsistent., Formal physical presenvations (target and hit theories)
did not expose the real mechanisms underlying initial processes, and
led only to the development of certaln statlstical principles.

In numerous papers on the effect of temperature and oxygen on
the development of aftereffect reactions, it has been dlsclosed that
the initial reactions are radlochemical, developling in time and after
the lmmediate event of irradiation., Therefore, in the concept of
the nature of inltial processes of radlation lesion, the methods of
chemical kineties are importance, The first approached to the con-
cept of physlical and chemlcal mechanlsms of primary reactions was
the theory of indirect action. Without any doubt the water radicals
take an sctive part in inducing the inltial reactions in the organic
phases of cells. In numerous papers, dedicated to the development
of the theory of lndirect actlon, however, the questlon was com-
pletely disregarded as %o where, in what blochemlcal substrates are
reactions induced, and what 1s thelr nature. In addltion, the theory
of indirect action completely lgnored the possibllity of the direct
development of organic radicals in organic phases of cells, Argu-
ments from fhe single idea of indirect or the direct actlon are

worthless,
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he 1nitlal actlvation occurs along both pathways, We are con-
cemm_¢f about thelr relatlion. In most cases these two pathways

app—rnt 1y lead to activation of one and the same reactions,

| determining factor 1in the development of reactions with high
lol ¢yl elds is not only the initial radical formation, but the reac-
tivl ty of the corresponding substrate, The initlal irradiation reac-
tir—sare fundamentally not new reactions for the organism. This is
mair—ly &an activatlion of reactions occurring in cells of organisms in
a stRedyr -st ate conditions at a very low rate, Inhibition of initial
recxiions (oxygen effect, chemical protection, presence of active
Dreagide compounds, nature of the super-weak chemoluminescence) con-
Tir=mm the significance of oxldation reactions in initial effects.

The min substrate of initial oxidation reactions are 1lipids, pri-
my -y structural.. The kinetics of the change 1n peroxldes, quantil-
tet 2w patterns of death in time, and kinetic characteristics of the
ay—~gn effect — (threshold character)—all these are evidence that
thi_sre action in lipilds develops based on the princlples of chain
Ir==amnl ng reactions and has high ionic ylelds,

Investigatlions show that thils reactlon develops according tc
the=tkinetlics of chain branching reactions in the presence of inhilbi-
torxs,  Therefore, of importance in initlal reactlons is
thesgnatture of natural inhibitors of oxidatlon reactions — antioxi-
dar=mis, To a conslderable extent the radlosensitivility of organisms
s cwonnected with their quantity and quality.

During development of this reaction, end products develop:

U~ pmexoxides, unsaturated fatty acids, epoxides, aldehydes, and
ke -tme s whic.h have a toxlc effect, certain of which when introduced
Inat the organism induce the appearance of toxlc symptoms character~

Isatic for radiation lesion,
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The pattern of death in time and the temperature dependences
allow us to conclude that, along with the indicated reaction, oxlda-
tion reactlions occur with low quantum ylelds, but which develop at a
high rate by reactlons wilth nonbranching chains, A study of radlcal
formatlon under irradlation in cells by the method of grafting poly-
mers, the characteristics of the effect of protective compounds with
an Increase 1n lonization density, the absence of the oxidatlon effect
wlth regard to mortality from particles wlth a high lonization densilty,
and tests wlith lndlvidual blochemical components in vitro show that,
along wlith the oxldation reaction nonoxidation initial reaction
develop which are also important.

A study of the klnetlc characteristics of the aftereffect reac-
tion, of proteolytic reactions, and activation in irradiated .=lls
of nonoxidation réactiona by certaln chemlcal substances shows that,
baslcally, nonoxidatlion reactions induced by radlation are reactions
entering the complex of autolytic reactions.

The major role 1n the formation of these reactions and the rate
of thelr development ls played by antloxidation factors, which, with
respect to these reactione, play the same role as antloxidants with
respect to oxldatlon reactions. These autolytlc reactions develop
wlth low lonlc ylelds upon irradlation with low lonizatlon density,
and their yleld increases greatly upon radiation with high ioniza-
tlon denslty. Since th: differences in the rate of these reactions
developlng during initial stages are independent of each other, com-
petltion develops between them for the dominant role in attaining
the biologigal effect, Domination of one reactlon, however, does
not preclude the possibllity of the development of another. The

absence of the oxidation effect and protective actlon of antloxidants

FTD-TT-63-733/1+2+4 ~132-

o



under high ionization densitles 1s proof that under these conditilons
nonoxidation (autolytic) reactions are widely developed, and they

play a primary role 1n the damage reactions.
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